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During Che f a l l  o f  1989, a t r a n s i e n t  e le c tr o m a g n e t ic  s u rv e y  (TDEM) 
was perform ed  in  th e  M ir a v a l le s  V o lcan ic  area  as  a c o l l a b o r a t i v e  e f f o r t  
between th e  C o s ta r ic a n  N a tio n a l  Energy A u th o r i ty  (ICE) and th e  Department 
o f  G eophysics  o f  th e  Colorado School o f  Mines. High q u a l i t y  r e c o r d in g s  
were made a t  12 s t a t i o n s  in  the  Montano - Santa Rosa - C u ip i la p a  - La 
Fortuna a rea .  The pu rpose  o f  t h i s  s tu d y  was to  t e s t  th e  TDEM method in  
mapping deep e l e c t r i c a l  s t r u c t u r e s  in  th e  area  and to  a t te m p t  to  d e t e c t  
anom alies  a s s o c i a t e d  w i th  p o s s i b l e  magma b o d ie s  i n t r u s i o n s .
In c o n ju n c t io n  w i th  t h i s  t e s t ,  o th e r  g e o p h y s ic a l  d a ta  (DC e l e c t r i ­
c a l ,  g r a v i t y  and m a g n e t ic s )  have been r e i n t e r p r e t e d  in  o r d e r  to  g i v e  a 
more d e t a i l e d  p i c t u r e  o f  th e  a rea .
The TDEM d a ta  i n t e r p r e t a t i o n  has p e r m i t t e d , com forted  by p o t e n t i a l  
f i e l d  d a ta ,  to  d e f in e  th e  e l e c t r o s t r a t i g r a p h i c  s eq u en ce , up to  5000-6000  
m d e p th ,  and th e  main s t r u c t u r a l  s e t t i n g  a lon g  th e  perform ed  p r o f i l e .
From th e  e l e c t r o s  t r a t i g r a p h i c  p o in t  o f  v ie w ,  th e  c h a r a c t e r i s t i c  and 
morphology o f  th e  r e s i s t i v e  basement have been c h a r a c te r i z e d  in d i c a t i n g  
i t s  r a i s i n g  toward s h a l lo w e r  d ep th s  in  p r o x im i ty  o f  th e  v o lca n o . In  
correspon den ce  to  t h i s ,  a s t r o n g  con du ctor  has been c l e a r l y  i d e n t i f i e d , a t  
abou t 6000 m d e p th ,  in  th e  Santa Rosa area  where th e  m ost r e c e n t  v o lc a n ic  
a c t i v i t y  has o c c u rre d .  The p r e se n c e  o f  t h i s  con du cto r  s u g g e s t s  th e  p o s ­
s i b i l i t y  th a t  i t  co u ld  r e p r e s e n t  th e  e f f e c t  o f  hydro therm al a l t e r a t i o n
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surroun din g  an in tr u d e d  magma body.
From th e  s t r u c t u r a l  p o in t  o f  v ie w ,  the  i d e n t i f i c a t i o n  o f  th r e e  main 
d i s c o n t i n u i t i e s , and few  minor o n es ,  has p e r m i t t e d  to  d e f in e  fo u r  zones  
c h a r a c te r i z e d  by d i f f e r e n t  e l e c t r o s t r a t i g r a p h i c  s e q u e n c e s , and, su p p o sed ­
l y ,  g e o l o g ic a l  f e a t u r e s .
- A sou th ern  one, where, under a r e c e n t  v o lc a n ic  c o v e r ,  i t  i s  p o s s i b l y  
e v i d e n t i a t e d  th e  p re se n c e  o f  th e  sed im en ta ry  sequence r e p r e s e n t in g  the  
base  o f  th e  T e r t ia r y -Q u a te r n a r y  Andes i t i c  v o lc a n ic  p i l e .
- An in te r m e d ia te  v o lc a n ic  one, l o c a te d  o u t s id e  th e  c a ld e r a .
- A f i r s t  in t r a c a l d e r a  zone w i th  d i f f e r e n t  s t r u c t u r a l  d i s s e c t i n g s  o f  the  
basem en t, and
- a second in t r a c a l d e r a  zon e ,  c h a r a c te r i z e d  by  a sequence  r a i s e d  towards  
th e  s u r fa c e  and th e  p r e se n c e  o f  a deep c o n d u c to r .
A s i g n i f i c a t i v e  s t r u c t u r a l  s t r i k i n g  p o i n t ,  i s  th a t  th e  sou thern  
c a ld e r a  b o rd e r  i s  i d e n t i f i e d  abou t 2 km sou th  o f  th e  u n c e r ta in  l i m i t  (due 
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In r e c e n t  y e a r s ,  some a t t e m p ts  have been made to  i n v e s t i g a t e  the  
deep e l e c t r i c a l  c h a r a c t e r i s t i c s  o f  v o lc a n ic  environm ents  u s in g  e i t h e r  a 
t h e o r e t i c a l  approach (Newmann, 19 8 5 ) ,  o r  th e  a p p l i c a t i o n  o f  d i f f e r e n t  
r e s i s t i v i t y  methods (B eblo , 1980, F it te rm a n ,  1988, K e l l e r ,  1982, S ta n le y ,  
1987, P ark , 1988) .  Due to  th e  la r g e  v a r i e t y  o f  v o lc a n ic  environm ents  and 
p h y s ic a l /c h e m ic a l  f a c t o r s  which, in  th e s e  c a s e s ,  c o n tr o l  th e  e l e c t r i c a l  
p r o p e r t i e s  o f  th e  f o r m a t io n s , no c l e a r  p i c t u r e  has been d e f in e d  on the  
p o s s i b i l i t y  o f  c h a r a c t e r i z i n g  deep f e a t u r e s , l i k e  magma b o d ie s  o r  e f f e c t s  
r e l a t e d  to  t h e i r  i n t r u s io n ,  and th e  methods b e s t  s u i t e d  f o r  t h i s  pu rpose .
T h is  t h e s i s  r e p r e s e n t s  an a t te m p t  to  c o n t r ib u t e  to  th e  s o lu t i o n  o f  
t h i s  prob lem , w i th  an a n a ly s i s  o f  th e  e l e c t r i c a l  p r o p e r t i e s  in  v o lc a n ic  
and geo th erm al a r e a s ,  a r e v ie w  o f  p r e v i o u s l y  perform ed  g e o p h y s ic a l  s t u d i e s  
in  th e  M ir a v a l l e s  a re a ,  and th e  t e s t  o f  t r a n s i e n t  domain e le c tr o m a g n e t ic  
te ch n iq u e s  in  t h i s  a n d e s i t i c  v o lc a n ic  en v iron m en t.
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1. PARAMETERS INFLUENCING RESISTIVITY IN VOLCANIC 
AND GEOTHERMAL AREAS
R e s i s t i v i t y  p r o s p e c t in g  p la y s  a k ey  r o l e  in  c h a r a c te r i z i n g  
g eo therm al a re a s  and, e s p e c i a l l y , v o lc a n ic  environm ents  where o th e r  
g e o p h y s ic a l  m ethods, l i k e  s e i s m ic ,  seem to  be o b s t r u c te d  by l i t h o l o g i e s  
and a n i s o t r o p i e s .
For background in fo rm a tio n  p r i o r  to  s u rv e y  d e s c r i p t i o n , a summary o f  
th e  f a c t o r s  in f lu e n c in g  th e  e l e c t r i c a l  p r o p e r t i e s  o f  ro c k s  in  geo therm al  
and v o l c a n ic  a re a s  w i l l  be d i s c u s s e d . In t h i s  c o n s id e r a t io n ,  p a r t i c u l a r  
a t t e n t i o n  w i l l  be p a id  to  th e  a n d e s i t i c  magmatism which r e p r e s e n t s  th e  
upper p a r t  o f  th e  e l e c t r o s t r a t i g r a p h i c  sequence i n v e s t i g a t e d  in  th e  C o s ta ­
r ic a n  t e s t .  U n fo r tu n a te ly ,  compared to  th e  v a s t  body o f  l i t e r a t u r e  
p u b l i s h e d  f o r  o th e r  l i t h o t y p e s , l i t t l e  d a ta  i s  a v a i l a b l e  on th e  con­
d u c t i v i t y  p r o p e r t i e s  o f  e v o lv e d  v o lc a n ic  p r o d u c ts .
L i t h o l o g i c a l l y  an a n d e s i t i c  en v iron m en t, l i k e  th e  one in  C osta  R ica  
i s  c h a r a c te r i z e d  by  a w ide  v a r i e t y  o f  magmatic p ro d u c ts  p a s s in g  from  
b a s a l t i c  to  a n d e s i t i c  p r o d u c ts  r e p r e s e n te d  by la v a  and p y r o c l a s t i c  f lo w s  
( ig n im b r i t e s )  o f  r i o l i t i c  and r i o d a c i t i c  chem ical c o m p o s i t io n .  For t h i s ,  
ty p e  o f  ro c k ,  t e x tu r e  ( a l s o  r e l a t e d  to  th e  e r u p t io n  m echanism ), and f l u i d  
c o n te n t  (n a tu re  and q u a n t i t y )  , a re  s t r o n g l y  v a r i a b l e  g i v i n g  r i s e  to  a w ide  
s p e c t r a  o f  r e s i s t i v i t y  v a lu e s .
F u rth erm ore , r e s i s t i v i t i e s  in  a geo therm al environm ent a re  l i k e l y  to
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be q u i t e  d i f f e r e n t  from ro c k s  encou n tered  in  o th e r  e x p lo r a t io n  s i t u a t i o n s  
because  a t  l e a s t  th r e e  new v a r i a b l e s  a re  added to  th e  p h y s i c a l  c h a r a c te r ­
i s t i c s  o f  th e  e l e c t r i c a l  p r o p e r t i e s  o f  a rock: anomalous tem p era tu re ,  
h i g h l y  c o n c e n tr a te d  s o l u t i o n s , and p re se n c e  o f  h ydro therm al m i n e r a l s . In  
th e s e  c o n d i t i o n s , th r e e  d i f f e r e n t  con du c tin g  mechanism a re  found , io n ic  
t r a n s f e r  through i n t e r s t i t i a l  w a te r ,  conduction  on th e  s u r fa c e  o f  c la y s  
(g e n e r a te d  by th e  lo w e r  g ra d e  o f  h ydro therm al a l t e r a t i o n ) , and con du ction  
through sem i-c o n d u c tin g  m in e ra ls .
In a geo therm al environm ent fo rm a tio n s  g e n e r a l l y  p r e s e n t s  a range o f  
r e s i s t i v i t i e s  from 0 .1  to  10 ,000  Qm due to  d i f f e r e n t  f a c t o r s  l i k e  
l i t h o l o g y  and ro c k  m a tr ix ,  h igh  tem pera tu re  and p r e s s u r e , h ydro th erm al  
m in e r a l s ,  h ig h ly  c o n c e n tra te d  s a l i n e  s o l u t i o n s  and p o s s i b l e  p re se n c e  o f  
steam . Each o f  th e s e  f a c t o r s  p la y s  an im p o r ta n t r o l e  in  con duction  
p r o c e s s e s .
- Rock M atr ix
The ro ck  m a tr ix  o f  an u n a l te r e d  d r y  ro ck  has u s u a l l y  an high  
r e s i s t i v i t y  because th e  m inera l a r e  m a in ly  i n s u la to r s :  c o n d u c t i v i t y  i s  
de te rm in ed  o n ly  by  th e  p r e s e n c e  o f  m e t a l l i c  m in e ra ls  which a l lo w  
e l e c t r o n i c  c o n d u c t i b i l i t y .
But a l l  th e  ro c k s  may p r e s e n t  p r im a ry  o r  secon dary  p o r o s i t y  and 
f r a c t u r i n g , e s p e c i a l l y  ta k in g  in t o  account th a t  geo therm al a re a s  a re  
l o c a te d  in  t e c t o n i c a l l y  a c t i v e  r e g io n s ,  and f l u i d s  may be p r e s e n t  in  th e se
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s p a c e s .  Chemical and p h y s i c a l  param eters  a f f e c t i n g  th e s e  f l u i d s  assume an 
im p o r ta n t r o l e .
- S a l in e  S o lu t io n s
In w a te r  s a tu r a te d  r o c k s ,  w a te r  o c c u p ie s  th e  p o re s  o r  f r a c t u r e s  in  
th e  m a tr ix .  Pure w a te r  i s  r e s i s t i v e . C on du ctive  b eh a v io r  depends on the  
c o n c e n tr a t io n  o f  v a r io u s  m ob ile  io n s  l i k e  Na, K, C l ,  and th e  tem pera tu re  
o f  th e  s o lu t i o n  (Q u is t  e t  a l . ,  1970) .  F ig .  1 shows th e  dependence among 
c o n c e n tr a t io n - te m p e r a tu r e  and r e s i s t i v i t y :  th e  h o t t e r  and th e  more
s a tu r a te d  i s  th e  s o l u t i o n  th e  low er  i s  th e  r e s i s t i v i t y . Th is  i s  v a l i d  up 
to  th e  c r i t i c a l  p o i n t  o f  th e  e l e c t r o l y t e  (rang in g  between  300* and 380°C , 
depending  on p r e s s u r e ) , a f t e r  which th e  r e s i s t i v i t y  b e g in s  to  in c r e a s e .  
T h is  i s  n o t  t r u e  f o r  p r e s s u r e s  above 8 Kbar when r e s i s t i v i t y  v a lu e s  remain  
low because th e  in c r e a s e d  p r e s s u r e , in c r e a s e  th e  c r i t i c a l  p o in t  p r e s s u r e .
- Hydrotherm al M in era ls
In geo therm al a r e a s ,  i n t e r a c t i o n  among r o ck  m a tr ix ,  f l u i d s  o f  d i f ­
f e r e n t  n a tu r e ,  and tem pera tu re  r e s u l t s  in  th e  p r o c e s s e s  o f  d i s s o l u t i o n  o f  
m in e ra ls  in  th e  f l u i d s  p e r c o la t in g  in  th e  f r a c t u r e s  o f  th e  ro c k s  and 
hydro th erm al a l t e r a t i o n .  The low grade  thermometamorphic m in e ra ls  formed  
a r e  a f u n c t io n  o f  th e  c h e m is tr y  o f  th e  ro ck  and te m p e ra tu r e . S c h e m a t ic a l­
l y ,  th r e e  a l t e r a t i o n  zon es  can be i d e n t i f i e d  (B arber i  e t  a l . ,  1986):  
a r g i l l i t i c , f i l l i t i c  and p r o p i l i t i c . The f i r s t  one i s  r e l a t e d  to  a maximum 
tem pera tu re  o f  150**C and p r e s e n t  m in e ra ls  as k a o l i n i t e  and m o n tm o r i l lo n i-
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t e .  The second one i s  in  r e l a t i o n  o f  tem pera tu re  o f  maximum 220°C and 
m in e ra ls  a s  I l l i t e ,  m u sco v i te  and c l o r i t e .  In th e s e  zon es  (R isk ,  1987),  
r e s i s t i v i t y  can be d r a s t i c a l l y  redu ced  by means o f  two p r o c e s s e s  :
a) C lays  have some exchange c a p a c i t y  which w i l l  cause a l a y e r  o f  io n s  (K 
, C l ,  e t c . )  to  be absorbed  on to  th e  su r fa c e  o f  th e  c l a y  from th e  a d ja c e n t  
s o l u t i o n .  As th e s e  io n s  a re  l o s e l y  bound, th ey  w i l l  c o n t r ib u t e  to  the  
con du c tion  p r o c e s s e s .
b) C lays  a l s o  have low r e s i s t i v i t y  v a lu e s  which w i l l  a l lo w  some c u r r e n t  to  
p a ss  r i g h t  trough them.
F igure  2 p r e s e n t s  th e  con du ction  mechanisms in  a geo therm al rock  
where f r a c t u r e s  a re  f i l l e d  w i th  a s a l i n e  s o lu t i o n .
Conduction in c r e a s e s  w i th  th e  amount o f  c l a y s  p r e s e n t ,  and v a r i e s  
w ith  th e  s p e c i e s  o f  c l a y  rea ch in g  maximum v a lu e s  f o r  m o n tm o r i l l o n i t e , 
v e r m i c u l i t e , z e o l i t e s  and s m e c t i t e .
These f i r s t  two z o n e s ,  c h a r a c te r i z e d  by th e  p r e c i p i t a t i o n  o f  
p h y l l o s i l i c a t e s  which f i l l  th e  p o r e s  o f  the  ro ck  through a p r o c e s s  c a l l e d  
s e l f  s e a l i n g  (Facca, 1967) ,  a re  impermeable and assumed to  r e p r e s e n t  the  
"c a p - r o c k ” o f  a geo therm al sy s tem .
The t h i r d  h ydro therm al a l t e r a t i o n  zon e ,  th e  p r o p i l i t i c  one, i s  
r e l a t e d  to  tem p era tu res  above 250°C and p r e s e n t s  m in e ra ls  as  e p i d o t e s , 
f e l d s p a r s  ( a l b i t e )  and s i l i c a  m in e ra ls  (q u a r t z ,  o p a l ,  c h a lc e d o n y ) .  Not 
in c lu d in g  p h y l l o s  i l i c a t e s , th e  c o n d u c t i v i t y  c h a r a c t e r i s t i c  o f  t h i s  zone i s  
s t r o n g l y  redu ced .  P r a c t i c a l l y , th e  s i l i c a  m in e ra ls  g i v e  a r e s i s t i v e  beha­
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F ig . 1. V a r ia t io n  o f  th e  r e s i s t i v i t y  o f  a 0 .01  demal KCl 
s o lu t i o n  (0 .7 4 5  gKCl/lOOOg) as  a fu n c t io n  o f  
tem pera tu re  and p r e s s u r e  (Q u is t  e t  a l . ,  1970).
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F ig .  2 .  Conduction mechanisms in  a geo therm al ro ck  where  
f r a c t u r e s  a re  f i l l e d  w i th  a s a l i n e  s o lu t i o n  and 
c l a y s  from h ydro th erm al a l t e r a t i o n  (R isk ,  1987).
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U n l i k e l y  th e  f i r s t  two z o n e s ,  due to  th e  f a c t  t h a t  geo therm a l  and 
v o l c a n i c  a r e a s  a re  i n  t e c t o n i c a l l y  a c t i v e  r e g i o n s ,  th e  p r o p i l i t i c  zone ,  
made impermeable by th e  s e l f  s e a l i n g  p r o c e s s ,  can be f r a c t u r e d  due to  the  
r i g i d  c h a r a c t e r i s t i c s  g i v e n  by s i l i c a  m i n e r a l s .  T h i s  l e a d s  to  the  
p o s s i b i l i t y  o f  th e  p r e s e n c e  o f  a geo therm al  r e s e r v o i r  which e x h i b i t s , w i t h  
t h e  chem ica l  and p h y s i c a l  s t a t e  o f  t h e  f l u i d ,  th e  r e s i s t i v i t y  c h a r a c t e r i s ­
t i c  o f  a f o r m a t i o n .
A f u r t h e r  i n c r e a s e  o f  te m p era tu re  l e a d s  to  thermometamorphic  
p r o c e s s e s . The e l e c t r i c a l  p r o p e r t i e s  o f  r o c k s  i n  t h e s e  c o n d i t i o n s  are  n o t  
w e l l  u n d e r s to o d  ; b u t ,  a r e s i s t i v e  b e h a v i o r ,  r e l a t e d  to  a l u m i n u m - s i l i c a  
m in e r a l  d e p o s i t i o n , i s  e x p e c t e d .
To s y n t h e s i z e  q u a l i t a t i v e l y  t h e  e f f e c t s  o f  hyd ro th erm a l  m in e r a l s  in  
an a n d e s i t i c  v o l c a n i c  env i ronm en t ,  we can s a y  t h a t  t h e  wide v a r i e t y  o f  
p r o d u c t s  p r e s e n t  a l l o w  th e  d i s s o l u t i o n  o f  l a r g e  q u a n t i t i e s  o f  a l t e r a t i o n  
m i n e r a l s  o f  d i f f e r e n t  c o m p o s i t i o n . These m i n e r a l s  c o n t r o l ,  as a f u n c t i o n  
o f  t h e i r  grade  and q u a n t i t y , th e  r e s i s t i v i t y  o f  a r o c k  m o d i f y i n g  i t s  
e l e c t r i c a l  b e h a v i o r  and c o m p l i c a t i n g  th e  c o r r e l a t i o n  between l i t h o l o g y  and 
r e s i s t i v i t y  p r o p e r t i e s .
- P o r o s i t y  ( A r c h i e ' s  Law)
For a s im p le  s y s t e m  c o n s i s t i n g  o f  an i n s u l a t i n g  r o c k  m a t r i x ,  o f  
p o r o s i t y  <f>, c o m p l e t e l y  s a t u r a t e d  w i t h  s a l i n e  w a te r  o f  r e s i s t i v i t y  p^, the  
t h e o r e t i c a l  r e s i s t i v i t y  p o f  th e  r o c k  i s  g i v e n  by A r c h i e ' s  law (A r c h ie ,  
19A2):
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Conduction mechanisms a r e  n o t  o n ly  r e l a t e d  to  io n s  p r e s e n t  in  
s o l u t i o n s  f i l l i n g  th e  p o r e s ,  b u t a l s o  to  th e  m in e ra ls  f i l l i n g  p o r e s  and 
f r a c t u r e s .  T h is  e f f e c t  i s  g r e a t e r  in  c l a y s  ( p a r t i c u l a r l y  s m e c t i t e s )  and 
z e o l i t e s , and n e a r l y  i n s i g n i f i c a n t  in  m ost n e tw ork  s i l i c a t e s  (Grim, 1953).  
So, a m o d if ie d  v e r s io n  which in c lu d e  f i n i t e  m a tr ix  c o n d u c t i v i t y  (O lh o e f t ,  
1981) has to  be c o n s id e re d :
p p„4>^ S ” (IfKC p^ )'^
where  S„ i s  th e  d eg ree  o f  w a te r  s a t u r a t i o n , n and m a re  c o n s ta n ts  
e m p i r i c a l l y  d e r iv e d ,  C i s  th e  p r o p o r t io n  o f  c l a y  m in e ra ls  and K i s  a 
c o n s ta n t  depending on th e  c l a y  s p e c i e s  p r e s e n t .
The r e s u l t  o f  t h i s  eq u a tio n  i s  th a t  th e  more w a te r  i s  p r e s e n t ,  the  
lo w er  i s  th e  r e s i s t i v i t y  o f  th e  ro ck  ( f i g .  3 ) .
In p r a c t i c e , geo therm al ro ck  r e s i s t i v i t i e s  turn  o u t  to  be much low er  
than i s  p r e d i c t e d  from A r c h ie ' s  law , because th e  p r e s e n c e  o f  hydro therm al  
m in e ra ls  and o th e r  e f f e c t s  l i k e  tem pera tu re  cause a d d i t i o n a l  conduction  
p r o c e s s e s .
In vapor  dom inated geo therm al s y s t e m s , steam  f i l l s  p o re s  and f r a c t u ­
r e s .  Steam i t s e l f  i s  an i n s u l a t o r ,  and, i f  no w a te r  i s  p r e s e n t ,  h igh  
r e s i s t i v i t i e s  would be e x p e c te d .
B u t,  th e  p r e se n c e  o f  c l a y  m a te r ia l s  as w e l l  a s  s a l i n e  o r  a c id  w a te rs
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o b s e rv e d  in  vapor  dom inated s y s te m s ,  can p r e v e n t  any n o t i c e a b le  in c r e a s e  
in  r e s i s t i v i t y .
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F ig .  3 .  A r c h ie ' s  law; t h e o r e t i c a l  b eh a v io r  and r e a l  c a se  f o r  
a normal and a geo therm al ro ck  (R isk ,  1987).
To e v a lu a te  th e  in f lu e n c e  o f  h o t  s a l i n e  f l u i d s  o r  steam  f i l l i n g  p o r e s  and 
f r a c t u r e s  o f  a r e s e r v o i r  ro ck ,  i t  has to  be e v a lu a te d  th e  p e r c e n ta g e  o f  
ro c k  i n t e r e s t e d  by p e r m e a b i l i t y . T h is  because th e  r e s o l u t i o n  o f  a th in  
v e r y  c o n d u c t iv e  l e v e l  embedded in  a th i c k ,  r e s i s t i v e  one i s  v e r y  po o r .  In  
th e  c a se  o f  v e r t i c a l  f r a c t u r i n g , th e  r e s o lu t io n  o f  a th in  la y e r  o f  h ig h ly  
c o n d u c t iv e  s a l i n e  f l u i d  i s  even more d i f f i c u l t .
P o r o s i t y  and p e r m e a b i l i t y  in  a n d e s i t i c  v o lc a n ic  environm ent a re  n o t
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w e l l  u n d e r s to o d . Loose p ro d u c ts  r e l a t e d  to  c i n e r i t e s , a i r - f a l l s  and 
u n c o n so l id a te d  p y r o c l a s t i c s  a r e  good examples o f  p r im a ry  p o r o s i t y  w ith  
som etim es r e l e v a n t  p e r m e a b i l i t y . On th e  o th e r  hand, la v a s  and w elded  t u f f s  
p r e s e n t  seco n d a ry  and vu g u la r  ( c a v i t i e s  due to  gas  b u b b le s )  p o r o s i t y  and 
a p e r m e a b i l i t y  depending on th e  t e c t o n i c  a c t i v i t y  o f  th e  a rea  and s e l f -  
s e a l i n g  p r o c e s s e s . These r e l a t i o n s h i p s  between l i t h o l o g y ,  p o r o s i t y  and 
p e r m e a b i l i t y  depends on many f a c t o r s ,  and, e s p e c i a l l y  in  a n d e s i t i c  o r  
o th e r  e v o lv e d  v o l c a n ic  a r e a s ,  no r u l e  has been e s t a b l i s h e d .
- Tem perature
Conduction in  th e  e a r th  i s  caused by one o f  th r e e  mechanisms: 
m e t a l l i c  co n d u c tio n ,  e l e c t r o n i c  sem iconduction  and io n ic  con du c tion .  
M e ta l l i c  con du ction  ( r a r e  in  th e  c r u s t ,  b e in g  c o n f in e d  to  n a t i v e  m e ta ls  
and g r a p h i te )  i s  l i n e a r l y  r e l a t e d  to  te m p e ra tu r e , r e s u l t i n g  in  an in v e r s e  
r e l a t i o n s h i p  between r e s i s t i v i t y  and te m p e r a tu r e . The o th e r  two mechanisms 
both  have e x p o n e n t ia l  tem pera tu re  dependence ( K i t t e l ,  1953) e x p re s se d  by:
B
JCT
where E i s  th e  a c t i v a t i o n  energy  f o r  th e  con du ction  p r o c e s s ,  K i s  the  
B oltzm an n's  c o n s ta n t  and a® i s  th e  c o n d u c t i v i t y  as  T te n d s  to  i n f i n i t y .
I m p u r i t i e s  and im p e r f e c t io n s  in  the  m a te r ia l  produce an e f f e c t  
c a l l e d  e x t r i n s i c  c o n d u c t i v i t y .  T h is  e f f e c t  i s  im p o r ta n t up to  c e r ta i n  
te m p era tu res  (abou t SOO"C) above which sem icon duction  i s  c o n t r o l l e d  by the
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i n t r i n s i c  mechanism o n ly  e x p re s s e d  by th e  above form u la . E x t r in s i c  
sem icon duc tion  a r i s e s  as  a r e s u l t  o f  thermal e x c i t a t i o n  o f  e l e c t r o n s  (o c ­
cupying  in te r m e d ia te  en ergy  l e v e l s  in  th e  gap produced by  i m p u r i t i e s  in  
s o l i d  s o l u t i o n )  i n t o  th e  unoccupied con du ction  band, o r  by th e  e x c i t a t i o n  
o f  e l e c t r o n s  from th e  o ccu p ied  v a le n c e  band in t o  unoccupied  im p u r i ty  
l e v e l s ;  t h i s  s t r o n g l y  a l t e r s  th e  e l e c t r i c a l  p r o p e r t i e s  o f  a se m ic o n d u c to r .
I o n ic  con du ction  in  s o l i d  o ccu rs  as a r e s u l t  o f  m o b i le  io n s  moving 
through th e  c r y s t a l  l a t t i c e  where n a tu r a l  d e f e c t s  o ccu r .  The s im p l e s t  
im p e r f e c t io n  i s  a m is s in g  atom o r  l a t t i c e  vacance (S c h o t tk y  d e f e c t ) . The 
d i f f u s i o n  o f  th e  vacancy through th e  l a t t i c e  c o n s t i t u t e s  t r a n s p o r t  o f  the  
charge . The con du ction  mechanism above 1 ,100°C  i s  r e c o g n iz e d  as  io n ic  
b eca u se ,  when an iro n  e l e c t r o d e  i s  used  in  c o n ta c t  w i th  a magnesium 
o r t h o s i l i c a t e , ir o n  d i f f u s e s  i n t o  th e  s i l i c a t e  r e p la c in g  th e  magnesium.
T ab le  1 i l l u s t r a t e s  th e  a®, a c t i v a t i o n  en ergy  and tem pera tu re  ranges  









E x t r i n s i c lO.OE-06 1 < 600
I n t r i n s i c lO.OE-03 3 .3 600 - 1 ,100
I o n ic 10.0E-h03 3 > 1 ,100
^  t a b l e  1 -------
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- M elt  Conduction
A s i l i c i c  magma chamber can be e x p e c te d  to  e x h i b i t  a r e s i s t i v i t y  two 
o r  th r e e  o r d e r s  o f  magnitude l e s s  than i t s  s o l i d  ro ck  h o s t  a s  the  
ex p er im en ts  o f  Lebedev and K h i ta ro v  (196à) have d e m o n s tr a te d . Duba and 
Heard (1980) measured r e s i s t i v i t y  on b u f fe r e d  o l i v i n e ,  w h i le  Shankland and 
Waff (1 9 7 à -1 9 7 7 ) , Waff (1 9 7 5 ) ,  and Rai and Manghani (1978) measured  
e l e c t r i c a l  c o n d u c t i v i t y  o f  b a s a l t s  to  1 ,550°C; th e s e  l a t t e r  measurements  
e s t a b l i s h  th a t  m afic  ro c k s  p r e s e n t  low r e s i s t i v i t i e s  to o .
Values o f  th e  o r d e r  o f  1 Qm a re  e x p e r im e n ta l ly  to  be e x p e c te d  in  
e i t h e r  s i l i c i c  o r  b a s ic  m e l t  due m a in ly  to  i o n ic  con du c tion .
For p a r t i a l  m e l t s ,  th e  m e l t  phase w i l l  s e r v e  as  an in te r c o n n e c t io n  
o f  low  r e s i s t i v i t y  in  a r e s id u a l  c r y s t a l  m a tr ix  o f  r e s i s t i v i t y  two o r  more 
o r d e r s  g r e a t e r  (Shankland and Waff, 1977).  T h is  w i l l  d e te rm in e  th e  bu lk  
r e s i s t i v i t y  in  which an A r c h ie ' s  Law dépendance i s  e x p e c te d .
The e x i s ta n c e  o f  'magma cham bers',  r e s e r v o i r s  where r i s i n g  magma 
from th e  m an tle  r e s i d e  f o r  d i f f e r e n t  p e r io d s  o f  t im e ,  i s  an h ig h ly  d eb a ted  
s u b j e c t  among v o l c a n o l o g i s t s  and g e o p h y s i c i s t s .  In some t y p e s  o f  
v o lc a n o e s , a s  th e  one fe e d e d  by  a v e r y  low v i s c o s i t y  b a s a l t i c  magma, 
s t u d i e s  on thermodinamic e q u i l i b r i a  among m inera l ph ases  i n d i c a t e  th a t  
t h i s  ty p e  o f  magma r i s e s  f a s t l y  from a deep so u rce  in  th e  a s te n o s p h e r e , 
and e r u p t s .  B u t,  in  some o f  th e s e  v o lc a n o e s , l i k e  th e  I c e la n d ic  and the  
Hawaiian o n es ,  s o i l  de fo rm a tio n s  which a n t i c i p a t e , accompany and f o l l o w  
th e  e r u p t i v e  a c t i v i t y , can be e x p la in e d  o n ly  w i th  th e  p r e se n c e  o f
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r e s e r v o i r s  a t  r e l a t i v e  s h a l lo w  d ep th s  (Simkin e t  a l . ,  1981 ) .  In o th e r  
v o lc a n o e s , a s  th e  ones c h a r a c te r i z e d  by  e v o lv e d  p r o d u c ts  (as  r i o l i t e s , 
t r a c h i t e s , a n d é s i t e s ,  e t c . ) ,  s t u d i e s  on m inera l phase  e q u i l i b r i a  show a 
d i f f e r e n t i a t i o n  toward more s i l i c i c  co m p o s i t io n s  J u s t i f i e d  w i th  the  
permanence o f  th e  magma, f o r  r e l a t i v e  long  p e r i o d s ,  in  i n t r a c r u s t a l  r e s e r ­
v o i r s .  In p a r t i c u l a r , in  th e  a n d e s i t i c  environm ent,  th e  p r e se n c e  o f  
s t r u c t u r a l  f e a t u r e s  l i k e  c a ld e r a s  and e v o lv e d  p r o d u c ts  s u p p o r t  t h i s  
h y p o th e s i s .  To u n derstand  th e  t a r g e t  to  be i n v e s t i g a t e d , some c o n s id e r ­
a t i o n s  have to  be done on th e  sh ape-geom etry  o f  th e s e  magma chambers and 
a bou t th e  p h y s ic a l  p r o p e r t i e s  o f  a n d e s i t i c  p r o d u c ts .
Regarding th e  shape o f  th e  magma chambers p e t r o g r a p h ic a l  s t u d i e s ,  on 
e j e c t a  and on volumes o f  e ru p te d  m a te r ia l s  (B a rb er i  e t  a l . ,  1980, 1981) ,  
and s e i s m o lo g ic a l  s t u d i e s  (MacDonald, 1989) g i v e  i n d i r e c t  e v id e n c e s  on 
th e s e  f e a t u r e s , whose e x i s t e n c e  i s  e x p la in e d  as  f o l l o w s .
Magmatic a c t i v i t y  in  th e  l i th o s p h e r e  depends g r e a t l y  from th e  s u rp lu s  o f  
magmatic p r e s s u r e ,  th e  d i f f e r e n c e  between h y d r o s t a t i c  p r e s s u r e  o f  the  
magmatic column and th e  l i t h o s t a t i c  p r e s s u r e  o f  th e  embedding r o c k s ,  
p r e s e n t  in  t e c t o n i c a l l y  a c t i v e  a re a s  (L o c a r d i , 1978 ) .  In a n d e s i t i c
columns, r e l a t e d  to  com press io n a l  movements, th e  maximum s u rp lu s  o f  
magmatic p r e s s u r e  i s  l o c a t e d  in  th e  upper c r u s t a l  l e v e l s ,  e s p e c i a l l y  a t  
th e  l i m i t s  between c r y s t a l l i n  c r u s t  and s e d im e n ts .  A t d ep th s  where the  
magmatic p r e s s u r e  su r p lu s  i s  s t r o n g ,  th e  magmatic channels  may e n la rg e  and 
form  b ig  in t r u s io n s  (magmatic r e s e r v o i r s ) . A nother p o s s i b i l i t y  to  be 
c o n s id e r e d  in  t h i s  t e c t o n i c a l  environm ent i s  th e  r i s e  o f  th e  magma through
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fo r c e d  i n t r u s i o n . I f  a f r a c t u r e  p ro p a g a te s  to  th e  s u r fa c e ,  m e l te d  magma i s  
pushed i n s i d e  i t  by l i t h o s t a t i c  p r e s s u r e . The so  c a l l e d  magma chamber, in  
t h i s  c a s e ,  has th e  form o f  a d ik e ,  o r  s e t  o f  d i k e s ,  o r  o f  a neck .
In  a n d e s i t i c  a r c s ,  th r e e  param eters  c o n t r o l  th e  h igh  v i s c o s i t y  o f  
th e  magma, and th e r e f o r e  i t s  m o b i l i t y  in  th e  c r u s t ;  te m p e r a tu re , chem ical  
c o m p o s i t io n  and c r y s t a l  c o n te n t  in  th e  magmatic l i q u i d .
In s i l i c a t i c  f l u i d s ,  f l u i d i t y  in c r e a s e s  by  an o r d e r  o f  magnitude f o r  
an in c r e a s e  o f  50 °C o f  tem p era tu re .  An a n d e s i t i c  magma, whose m e l t in g  
tem pera tu re  i s  ro u g h ly  900°C, i s  th e r e f o r e  a m i l l i o n  t im es  l e s s  f l u i d  than 
a b a s a l t  (12 0 0 °C ) .
In a n d e s i t i c  magmas th e  chem ical c o m p o s i t io n ,  w i th  th e  p r e s e n c e  o f  
s i l i c a ,  alum ina, and o th e r  o x id e s ,  f a c i l i t a t e s  th e  fo rm a tio n  o f  s t r o n g  
n e tw o rk s .  These l i m i t  th e  movement o f  th e  m o lecu le s  and in c r e a s e  the  
v i s c o s i t y .
Being th e  a n d e s i t i c  magma an e v o lv e d  p ro d u c t  through d i f f e r e n t i a l  
c r y s t a l l i z a t i o n ,  i t s  c o n te n t  o f  c r y s t a l s  i s  h igh: t h i s  r e s u l t s  in  an
in c r e a s e d  v i s c o s i t y .
Concluding th e s e  c o n s id e r a t io n s  on th e  c o n d u c t i v i t y  o f  magmas and 
th e  p a r t i c u l a r  c h a r a c t e r i s t i c s  o f  a n d e s i t i c  magmatism, i t  can be s a id  
th a t :
- sh ape, g eom etry  and volume o f  an a n d e s i t i c  magmatic r e s e r v o i r  i s  
c o n t r o l l e d  by t e c t o n i c s  and magmatic p r e s s u r e . A main chamber o r  s e t s  o f  
d ik e s  a re  e q u a l l y  p o s s i b l e  to  r e p r e s e n t  a magma chamber;
a n d e s i t i c  chem ical co m p o si t io n  and r e l a t e d  p h y s i c a l  p r o p e r t i e s ,
T-3838 15
e s p e c i a l l y  in  c o n s id e r in g  a c o o l in g  in tr u d e d  magma body n o t  c o n t in u o u s ly  
f e d  from d e p th ,  l i m i t  th e  p o s s i b i l i t y  o f  th e  e x i s ta n c e  o f  a pure  m e l t .
In th e s e  c o n d i t i o n s , th e  e l e c t r i c a l  c h a r a c te r i z a t io n  o f  th e se  
f e a t u r e  i s  n o t  im m ed ia te ly  e v i d e n t ,  b u t th e  e x p e c te d  r e s i s t i v i t i e s  are  
d e f i n i t e l y  n o t  a s  low as  ex p er im en ta l  s t u d i e s  on m e l t s  c o u ld  s u g g e s t .  I t  
i s  more l i k e l y  t h a t  magmatic r e s e r v o i r s  cou ld  be i d e n t i f i e d  as  r e l a t i v e  
r e s i s t i v e  f e a t u r e s  (few  te n s  o f  Cim), e s p e c i a l l y  i f  th e  p re s e n c e  o f  a 
thermometamorphic s h e l l  i s  assumed, w i th  r e s p e c t  to  an a l t e r a t i o n  h a lo  
(h ydro th erm al)  surroun ding  them. T h is  as  a fu n c t io n  o f  th e  geom etry  o f  the  
in tr u d e d  a n d e s i t i c  magmatic body, because a d ik e  o r  s e t  o f  d ik e s  (1 -2  m 
l a r g e )  co u ld  n o t  be r e s o l v e d  w i th  r e s i s t i v i t y  methods; t h e r e f o r e , th e  da ta  
o b ta in a b le  a r e  supposed  to  be o n ly  on th e  a l t e r a t i o n  h a lo  surrounding  the  
in t r u s i o n .
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2 .  GEOLOGY OF THE MIRAVALLES AREA
2 .1  R eg ion a l G eology and T e c to n ic s
The geo therm al a rea  r e l a t e d  to  th e  M ir a v a l le s  Volcano i s  l o c a te d  in  
th e  Guanacaste Range, in  th e  N orth -E ast  p a r t  o f  C osta  R ica  ( f i g .  4 ) .  This  
magmatic a r c  i s  r e l a t e d  to  th e  su b d u c tio n  o f  th e  Coco P l a t e  under the  
Caribbean one. T h is  p r o c e s s  g i v e s  r i s e  to  co m p ress io n , metamorphism, and 
i s o s t a t i c  l i f t i n g  o f  th e  th ic k  marine sed im en ts  p i l e d  in  g e o s y n c l i n e s . The 
su b d u c tio n  p r o c e s s ,  s t i l l  a c t i v e ,  i s  cau s in g  th e  fo rm a tio n  o f  th e  i n t e r -  
American trough in  th e  P a c i f i c  Ocean between Mexico and C osta  R ic a .  In  
t h i s  t e c t o n i c  en v iron m en t, two v o lc a n ic  s t a g e s ,  o f  T e r t i a r y  and Q uaternary  
a g e ,  a re  found. The f i r s t  i s  r e l a t e d  to  th e  o cea n ic  s p r e a d in g , w i th  
predom inant b a s a l t i c  f lo w s ;  th e  second i s  r e l a t e d  to  com press ion a l  
movements, w i th  e v o lv e d  magmas and p y r o c l a s t i c  f lo w s  o f  A n d e s i t i c  
c o m p o s i t io n .  In th e  l a t e r  s t a g e s  minor b a s a l t i c  a c t i v i t y  i s  found , w h i le  
l a r g e  ig n i m b r i t i c  e r u p t io n s  o f  R i o l i t i c - R i o d a c i t i c  c o m p o s i t io n  a re  
predom inant.  The area  in c lu d e d  between th e  in te r -A m er ica n  trough and the  
magmatic a rc  i s  form ed by  p e r i d o t i t e s  and th e  N icoya complex o f  C r e ta c ic  
age. T h is  i s  co v e re d  by a marine seq u en ce , a p p ro x im a te ly  5 ,0 0 0  m th i c k ,  o f  
M iocenic age . The se d im e n ta ry  fo rm a tio n  i s  m ain ly  formed by l i m e s to n e s , 
s a n d s to n e s  and c l a y s ,  and i s  found o u tc ro p p in g  few  te n s  o f  k i l o m e te r s  f a r  
from th e  M ir a v a l l e s  Volcano, im m ed ia te ly  e a s t  o f  th e  A renal lagoon and 













FIq . 4 . Geographic l o c a l i z a t i o n  map o f  th e  M i r a v a l l e s  v o l c a n i c
area  and b o r e h o le s  l o c a l i z a t i o n  (from C o r r a l e s , 1986) .
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Q uaternary magmatic a rc  a c t i v i t y  i s  r e l a t e d  to  s t r a t o  v o lca n o es  a l ig n e d  in  
a NW-SE d i r e c t i o n .  The m ajor vo lca n o es  a re  O r o s i \  Rincon de la  V eja ,  
M ir a v a l l e s  and T en or io .  They a r e  c h a r a c te r i z e d  by a n d e s i t i c  co m p o si t io n  
w ith  a s u c c e s s io n  o f  e v o lv e d  p r o d u c ts  such as  t u f f s ,  ig n im b r i t e s  and 
l a h a r s . These g i v e  ev id e n c e  o f  th e  p re se n c e  o f  s h a llo w  magma chambers o r  
l e v e l s  where magma has had th e  p o s s i b i l i t y  o f  d i f f e r e n t i a t i n g  du r in g  long  
p e r io d s  o f  t im e .
2 .2  Local S e t t i n e  o f  th e  M ir a v a l le s  V o lcan ic  Area
The f i r s t  and main f e a tu r e  o f  th e  M ir a v a l le s  v o l c a n ic  a rea  i s  th e  
Guayabo c a ld e r a ,  a c o l la p s e d  s t r u c t u r e  w i th  a r a d iu s  o f  11 Km (I .G .E .  
1988).  I t s  fo r m a tio n ,  d a te d  600,000 y e a r s  o l d ,  i s  r e l a t e d  to  c r u s t  
d eform ation  and e r u p t io n  o f  la r g e  q u a n t i t i e s  o f  ig n im b r i t e s  and pum ices.
F igure  5 shows a s t r u c t u r a l  map showing th e  main s t r u c t u r a l  f e a tu r e s  
o f  th e  a re a .  I t  has to  be n o te d  th a t  th e  sou th ern  b o rd e r  o f  th e  c a ld e ra  
has n o t  been p o s i t i o n e d  w i th  p r e c i s i o n  due to  th e  la c k  o f  e v id e n t  
o u tc r o p p in g  f e a t u r e s .
S im u lta n e o u s ly  w i th  th e  fo rm a tio n  o f  th e  c a ld e r a ,  o r  im m ed ia te ly  
a f t e r ,  a s y s te m  o f  s u b - v e r t i c a l  f r a c t u r e s , w i th  a N-S and NNW-SSE tr e n d ,  
to o k  p la c e  g i v i n g  o r i g i n  to  an h o r s t -g r a b e n  complex which ex ten d s  sou th  o f  
th e  c a ld e r a .
The v o l c a n ic  a c t i v i t y  co n tin u ed  i n s i d e  th e  c a ld e ra  w i th  th e  d e p o s i-
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F ig . 5 . S tr u c tu r a l  map o f  th e  M ir a v a l le s  a rea .
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t i o n  o f  a sequence o f  a n d e s i t i c  and d a c i t i c  la v a s  w i th  g l a s s y  t u f f s  ( ra p id  
e r u p t io n  and c o o l in g  o f  e v o lv e d  magmas) and se d im e n ta ry  la k e  p r o d u c ts  as  
l i m e s t o n e s , sa n d s to n e s  and c l a y s .  I n tr u s io n  a c t i v i t y  o f  d a c i t i c - l a t i t i c  
p r o d u c ts  was a l s o  p r e s e n t .
In th e  n e x t  e r u p t i v e  p e r io d ,  th e  magmatic a c t i v i t y  was c o n c e n tra te d  
in  th e  e a s t  and n o r th  s i d e  o f  th e  c a ld e r a  w i th  th e  fo rm a tio n  o f  the  
a n d e s i t i c  complex o f  Cerro Cabro Muco-La Giganta and th e  P a leo  M ir a v a l le s  
Volcano r e s u l t i n g  from a f r a c t u r i n g  sy s tem  h av in g  SW-NE tr e n d .  E x p lo s iv e  
a c t i v i t y  then began r e s u l t i n g  in  huge la h a r  e r u p t io n s  whose p r o d u c ts  can 
be o b s e rv e d  on th e  w e s t  and sou th  p a r t  o f  the  c a ld e r a  and even o u t s id e  i t s  
b o r d e r .  I t  has to  be n o te d  th a t  th e  supposed  p o s i t i o n  o f  th e  P aleo  
M ir a v a l l e s  magma chamber was North o f  th e  p r e s e n t  peak .
R ecen t a c t i v i t y  ( l e s s  than 50 ,000  y e a r s )  p e r m i t t e d  th e  fo rm a tio n  o f  
th e  a c tu a l  s t r u c t u r e  o f  th e  M ir a v a l l e s  s t r a t o - v o l c a n o , sou th  o f  the  
o r i g i n a l  f i r s t  e x p r e s s io n .  L a t e s t  a c t i v i t y  (abou t 7 ,000  y e a r s  o ld )  
o r i g i n a t e d  a f u r t h e r  s h i f t i n g  toward th e  sou th  o f  th e  v o lc a n ic  a c t i v i t y , 
as  marked by la v a  f lo w s  and pumice e r u p t io n s  in  th e  Santa Rosa a rea .  In 
t h i s  p h a se ,  a N-S t e c t o n i c  a c t i v i t y  took  p la c e  w i th  E-W d i s p la c e m e n t s . The 
Santa Rosa area  i s  l o c a t e d  in  d e p r e s s io n  d e l in e a te d  by  two N-S f r a c t u r e s  
r e p r e s e n t in g  a p o s s i b l e  a graben s t r u c tu r e :  t h i s  a rea  i s  a l s o  supposed  to  
be th e  s i t e  where th e  magma chamber o f  th e  M ir a v a l l e s  Volcano i s  lo c a te d  
a t  t h i s  t im e .
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2 .3  S t r a t i s r a v h y
A ccord ing  to  th e  deep d r i l l i n g  in fo rm a tio n ,  th e  s t r a t i g r a p h i e  u n i t s  
i d e n t i f i e d  in  th e  a re a ,  from th e  to p  to  th e  bo ttom , can be summarized as  
f o l l o w  ( E l e c t r o c o n s u l t , 1983):
- P o s t  Cabro Muco V o lcan ic  u n i t .  R ecen t p r o d u c ts  o f  a n d e s i t i c  co m p o si t io n  
( la v a s  and te p h ra )  i n t e r l a y e r e d  w i th  la h a rs  and la k e  se d im e n ts .  I t s  
th ic k n e s s  i s  abou t 300 m.
- T u ffaceou s  u n i t .  P y r o c l a s t i c  f lo w  r i c h  in  pumice d e t e c t e d  in  th e  w e s t  
p a r t  o f  th e  c a ld e ra  w i th  th ic k n e s s e s  o f  300 m. I t  i s  thought to  r e p r e s e n t  
a p y r o c l a s t i c  f lo w ,  b e lo n g in g  to  th e  f o l lo w in g  d e s c r ib e d  Cabro Muco u n i t ,  
which has f i l l e d  a topograph ic  d e p r e s s io n  (w e l l  c h a r a c te r i z e d  by  g r a v i t y  
and DC measurements) p r o b a b ly  r e l a t e d  to  th e  c a ld e ra  c o l l a p s e .
- Cabro Muco u n i t .  A n d e s i t i c  la v a  f lo w s  w i th  l o c a l l y  secon dary  a l t e r a t i o n .  
I t  has th ic k n e s s e s  o f  100-àOO m and i s  found in  a l l  th e  b o re h o le s  o f  the  
c e n t r a l  e a s t  a rea  o f  th e  c a ld e r a ,  bu t n o t  on th e  w e s t  where th e  tu f fa c e o u s  
u n i t  i s  p r e s e n t .
- D a c i t i c - L a t i t i c  u n i t .  Th is  i s  a s e r i e s  o f  domes and f lo w s  r i c h  in  K- 
f e l d s p a r .  I t  i s  l o c a l i z e d  in  th e  n o r th  and e a s t  p a r t  o f  th e  f i e l d ,  and 
re a c h e s  a th ic k n e s s  o f  900 m.
- V o lcano-Sed im en tary  u n i t .  C o n s is t s  as  a l t e r n a t i n g  l i t h i c - c r y s t a l l i n e  
t u f f s  and l u t i t e s  o f  l a c u s t r i c  o r i g i n .
I t  has v a r i a b l e  th ic k n e s s  ran g in g  from 100 and 1 ,000  m w ith  h ig h e r  v a lu e s  
tow ards so u th .  I t  has been found in  a l l  w e l l s .
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L a v ic -T u ffa ceo u s  u n i t .  A l t e r n a t in g  d a c i t i c - a n d e s i t i c  l a v a s ,  and 
c r y s t a l l i n e  and v i t r i c  t u f f s .  T h is  fo rm a tio n  i s  found in  th e  c e n t r a l  p a r t  
o f  th e  c a ld e r a  (PGM 15, 5 and 10) w i th  th ic k n e s s e s  o f  abou t 300 m. I t  i s  
th ou gh t to  r e p r e s e n t  th e  p o ly g e n ic  a c t i v i t y  o f  th e  c e n t r a l  c o n d u i t .
- I g n im b r i t i c  u n i t .  Welded t u f f s  w i th  v i t r i c  m a tr ix  r e l a t e d  to  th e  d en ser  
and more v i s c o u s  fo rm a tio n  whose e r u p t io n  gave  o r i g i n  to  th e  c a ld e r a .  I t  
has a th ic k n e s s  o f  about 800 m and i s  found in  a lm o st  a l l  th e  b o r e h o le s .
Underneath th e s e  fo r m a t io n s , through th e  c o r r e l a t i o n  w i th  r e g io n a l  
g e o lo g y ,  i t  i s  supposed  th e  e x i s t e n c e  o f  p r e - c a ld e r a  v o l c a n i t e s , r e p r e s e ­
n te d  by  pyroxene a n d é s i t e s  and b a s a l t s ,  p r o b a b ly  o v e r l a y i n g , o u t s id e  the  
c a ld e r a ,  a marine sed im en ta ry  se q u e n c e . These u n d i f f e r e n t i a t e d  s e d im e n ts , 
r e p r e s e n te d  by  l i m e s to n e s , sa n d s to n e s  and t u r b i d i t e s , a r e  found o u tc r o p ­
p in g  50 km e a s t  and sou th  o f  th e  geo therm al f i e l d .
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3 .  REINTERPRETATION OF PREVIOUS GEOPHYSICAL DATA
In o r d e r  to  have a c l e a r e r  p i c t u r e  o f  th e  g e o lo g ic  s e t t i n g  o f  th e  
a rea  and to  h e lp  m odeling  th e  r e s u l t s  o f  th e  TDEM s u r v e y  done in  
M i r a v a l l e s , e x i s t i n g  DC r e s i s t i v i t y , g r a v im e tr i c  and m agnetic  d a ta  have  
been r e v ie w e d . T h is  work has been done f o l lo w in g  some new i n t e r p r e t a t i o n  
approaches and r e p r e s e n t s  a c o n tr ib u t io n  to  th e  in fo rm a tio n  o b ta in e d  w i th  
th e  TDEM t e s t  on th e  g e o lo g y  o f  th e  a re a ,  and n o t  an a l t e r n a t i v e  to  
p r e v io u s  i n t e r p r e t a t i o n s  done by d i f f e r e n t  a u th o rs .
3 .1  DC Schlumbererer Soundines
The M ir a v a l l e s  geo therm al a rea  has been e x t e n s i v e l y  s tu d ie d  by  
Schlum berger DC e l e c t r i c a l  soundings w i th  AB/2 sp a c in g s  ran g in g  from 2 ,000  
to  4 ,0 0 0  m. Soundings lo c a te d  m a in ly  a lon g  two p r o f i l e s  were r e - i n t e r ­
p r e t e d  w i th  a p r o c e s s i n g - i n t e r p r e t a t i o n  program d e ve lo p ed  a t  th e  G eoph ys i­
c a l  D ep t,  o f  th e  U n ited  S t a t e s  G e o lo g ic a l  Survey (Zohdy, 1989 ) .  The
p r o f i l e s , shown in  f i g u r e  6 , c o n s i s t  o f  a t o t a l  o f  17 soundings and were  
chosen e i t h e r  to  c h a r a c te r i z e  th e  t r a n s v e r s a l / l o n g i t u d i n a l  s t r u c t u r e s , and 
th e  r e s i s t i v i t y  b e h a v io r  o f  th e  d i f f e r e n t  fo rm a tio n s  a c r o s s  th e  geo therm al  
f i e l d .
F igu re  7 i l l u s t r a t e s  th e  t y p i c a l  f i e l d  r e s i s t i v i t y  c u rv e s  in  the  




















F ig .  6.  DC Schlumberger  soundings l o c a t i o n s  and chosen
p r o f i l e s .
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s u c c e s s io n  o f  5 l a y e r ,  o f  th e  form Ri-C-Rz-C-R^,, o r  o f  4 l a y e r  o f  th e  ty p e  
C-R-C-R^; where R a r e  r e s i s t i v e  l a y e r s ,  C c o n d u c t iv e  and R̂  ̂ i s  the  
r e s i s t i v e  su bstra tu m . D i f f e r e n c e s  in  shape among th e  5 l a y e r  ty p e s  are  
r e l a t e d  p a r t i a l l y  to  th e  n a tu re  and th ic k n e s s  o f  th e  f i r s t  l a y e r ,  and to  
th e  sequence C-R2 -C which can be c o n s id e r e d  as  a con du ctor  complex.
10000 zr
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F ig .  7 T y p ic a l  DC r e s i s t i v i t y  cu rves  in  th e  M ir a v a l l e s  a rea .
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S t a r t i n g  from th e  f i e l d  c u rv e ,  th e  program ATO f i r s t  c o n v e r t s  the  
o v e r la p p in g  seg m en ts , r e l a t i v e  to  d i f f e r e n t  MN s p a c in g s , to  a con tinuou s  
cu rve  and d i g i t i z e s  i t  a t  a lo g a r i th m ic  i n t e r v a l  equal to  (o r  equal to  a 
m u l t i p l e  o f )  th e  sam pling  i n t e r v a l  o f  th e  f i l t e r  to  be used  to  c a l c u l a t e  
th e  t h e o r e t i c a l  sounding c u rve .  A sam pling  i n t e r v a l  o f  s i x  p o i n t s  p e r  
lo g a r i th m ic  c y c l e  u s in g  O ' N e i l l ' s  f i l t e r  c o e f f i c i e n t s  i s  a d o p te d .  This  
s t e p  en a b le  p r o c e s s in g  a l l  th e  soundings in  a c o n s i s t e n t  and co h eren t  way 
a v o id in g  g ra p h ic  m is ta k e s  o r  s u b j e c t i v e  approaches o f  th e  i n t e r p r e t e r . The 
o p e r a to r  s t i l l  has c o n t r o l  th e  au to m a tic  p r o c e s s  through q u a l i t y  ch eck ing  
du r in g  d a ta  a c q u i s i t i o n .  S tro n g  v a r i a t i o n s  in  MN o v e r la p p in g s  sh ou ld  le a d  
to  th e  r e p e t i t i o n  o f  th e  n o i s y  measurements w i th  v a r y in g  p a r a m e te r s .
ID Autom atic  i n t e r p r e t a t i o n  i s  then perform ed  through i t e r a t i v e  
s t e p s  which a l lo w  th e  c a l c u la t i o n  and improvement o f  a t h e o r e t i c a l  cu rve  
w ith  c o n v o lu t io n  m ethods. A con tinu ou s v a r i a t i o n  o f  r e s i s t i v i t y  w i th  dep th  
i s  assumed, so  a s  many l a y e r  p a ra m eters  ( r e s i s t i v i t y  and th ic k n e s s )  as  
sam pled p o i n t s  a re  c a l c u la t e d .  The i t e r a t i v e  p r o c e s s  i s  te rm in a te d  when 
one o f  th e  f o l lo w in g  c o n d i t io n s  i s  met: a p r e s c r ib e d  minimum rms e r r o r  
p e r c e n t  ( l e s s  than 2 p e r c e n t )  i s  o b ta in e d ;  a s lo w n ess  in  f u r t h e r  
improvement in  f i t  i s  d e t e c t e d  ( l e s s  than 5 p e r c e n t  r e d u c t io n  in  
s u c c e s s i v e  rm s);  a maximum number (30) o f  i t e r a t i o n s  i s  reach ed .  Some 
m o d i f i c a t io n s  and c o n s t r a i n t s  can be made u s in g  o p t io n s  ( f i x e d  s h i f t  
f a c t o r ,  l a y e r  compres s  io n /e x p a n s  i o n , o r  f i x i n g  th e  r e s i s t i v i t y  o f  th e  l a s t  
l a y e r )  to  g e n e r a te  e q u iv a le n t  m odels .  The o u tp u t  i s  a m u l t i l a y e r  s t e p  
f u n c t io n  th a t  can be reduced  e i t h e r  to  a con tinu ous  v a r i a t i o n  o f
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r e s i s t i v i t y  w i th  dep th  o r  to  a fe w e r  numbers o f  l a y e r s  through th e  use o f  
o th e r  r o u t i n e s . F igu re  8 shows an example o f  an i n t e r p r e t a t i o n  o u tp u t  o f  
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F ig .  8. Example o f  DC r e s i s t i v i t y  cu rve  i n t e r p r e t a t i o n  o u tp u t  
from th e  program ATO (Zhody, 1989).
U sing th e  co n cep t o f  con tinu ou s v a r i a t i o n  o f  th e  r e s i s t i v i t y  w i th  
d e p th ,  th e  main s t e p  o f  th e  i n t e r p r e t a t i o n  has been th e  a ssem b lin g  o f  the  
ID i n t e r p r e t e d  models in  2D r e s i s t i v i t y  s e c t i o n s  and t h e i r  c o r r e l a t i o n  
w ith  l i t h o l o g i c a l  lo g s  d e r iv e d  from th e  w e l l s  ( s e e  t h e i r  p o s i t i o n  in  f i g .  
à ) .
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P r o f i l e  A ( f ig u r e  9 ) ,  c r o s s in g  the  f i e l d  in  a N-S d i r e c t i o n , shows 
a s o r t  o f  homogeneous tr e n d  o f  th e  con du ctor  complex up to  300-350 m sou th  
o f  PGM12 where a s t r o n g  e l e c t r i c a l  d i s c o n t i n u i t y  (T l)  , p r o b a b ly  in d i c a t i n g  
a f a u l t ,  s u g g e s t s  th e  p a ssa g e  to  an area  c h a r a c te r i z e d  by a h igh  ("1,000  
m deep)  in  th e  r e s i s t i v e  basem ent. The d i s c o n t i n u i t y  T2 l i m i t s  t h i s  
r e l a t i v e  h igh  towards so u th ,  in d i c a t i n g  th e  p a ssa g e  to  a d e p r e s s io n  in  the  
morphology o f  th e  r e s i s t i v e  basement (1 ,500  m deep) im m ed ia te ly  sou th  o f  
La Fortuna. T h is  f e a tu r e  has been comproved through th e  i n t e r p r e t a t i o n  o f  
th e  TDEM sounding number 12. I t  has to  be n o te d  th a t  T2 i s  a s s o c i a t e d , by  
th e  p r e s e n t  g e o l o g ic a l  i n t e r p r e t a t i o n  o f  th e  ICE e x p e r t s ,  to  th e  b u r ie d  
c a ld e r a  r im . Lack o f  DC Schlum berger da ta  towards sou th  does  n o t  p e r m i t  
f u r t h e r  c o n s id e r a t io n s  on th e  e l e c t r i c a l  c h a r a c t e r i s t i c s  o f  t h i s  im portan t  
so u th  c a ld e r a  b o rd er .
A f i v e - l a y e r  sequence i s  i d e n t i f i e d  in  a l l  th e  soundings e x c e p t  
tow ards so u th  a f t e r  th e  d i s c o n t i n u i t y  Tl and in  p r o x im i ty  o f  th e  w e l l  
PGMlà. The main f e a t u r e s  i d e n t i f i e d  in  t h i s  p r o f i l e  a re  th e  w ide  con du ctor  
com plex e x te n d in g  to  d ep th s  ran g in g  between 1 ,0 0 0 -1 ,3 0 0  m and l a t e r a l l y  up 
to  T l , and an u n d e r ly in g  r e s i s t i v e  basem ent. Through th e  c o r r e l a t i o n  w ith  
th e  b o r e h o le s  s t r a t i g r a p h i e s  (PGMIO, 3 and 1 2 ) ,  th e  con du c to r  complex can 
be a s s o c i a t e d  to  p a r t  o f  th e  Cabro Muco, D a c i t i c  L a t i c  and Volcano  
Sed im en tary  u n i t .  The basement r e s i s t o r , much more c l e a r l y ,  i s  a s s o c ia t e d  
w ith  th e  L a v ic -T u ffa ceo u s  u n i t  (PGMIO) and th e  I g n im b r i t i c  one (PGM12).
P r o f i l e  B ( f ig u r e  1 0 ) ,  e x te n d in g  E-W through th e  f i e l d ,  shows a more 
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Fig .  9. DC r e s i s t i v i t y  p r o f i l e  A.
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a s s o c i a t e d  w i th  v e r t i c a l  f r a c t u r e s  o r  l a t e r a l  v a r i a t i o n s  in  th e  form a­
t i o n s .  T h is  to  con firm  th e  main lo c a l  t e c t o n i c  t r e n d  w i th  N-S f a u l t  d i s l o ­
c a t io n s  a s  su g g e s te d  by g e o l o g i c a l  s t u d i e s .  The f o u r - l a y e r  b e h a v io r  i s  
r e c o g n iz e d  on th e  w e s t  p a r t  o f  th e  p r o f i l e .  T3 i d e n t i f i e s  toward w e s t  a 
s e c t o r  ( c h a r a c te r i z e d  a l s o  by  a marked g r a v i t y  low) w i th  an im portan t  
c o n d u c to r  between 800 and about 1 ,400  m o f  d ep th .  T h is  i s  c o r r e l a t e d  to  
p a r t  o f  th e  Volcano S ed im en tary  u n i t  whose d e p o s i t i o n  i s  con n ec ted  to  the  
p o s t - e r u p t i o n  f i l l i n g  o f  th e  Guayabo c a ld e ra  d e p r e s s io n .  In t h i s  a re a ,  the  
r e s i s t i v e  basement i s  r e p r e s e n te d  by  th e  I g n im b r i te  u n i t .  Toward th e  e a s t ,  
th e  d i s c o n t i n u i t i e s  p l a y  an im p o r ta n t r o l e  d i s s e c t i n g  th e  c o n t i n u i t y  o f  
th e  e l e c t r o s t r a t i g r a p h y  and, as  showed by w e l l  c o r e s ,  l i t h o l o g y . In th e s e  
c o n d i t i o n s ,  tem pera tu re  and h ydro therm al f l u i d s  g r e a t l y  in f lu e n c e  the  
e l e c t r i c a l  b e h a v io r  o f  th e  fo rm a tio n s  as i t  i s  seen  by  th e  po o r  c o r r e l a ­
t i o n  between e l e c t r o s t r a t i g r a p h y  and fo r m a t io n s . As an example, th e  L av ic  
T u ffaceou s  u n i t  r e p r e s e n t s , in  correspondence  w i th  th e  w e l l  PGM5, th e  top  
o f  th e  r e s i s t i v e  basem en t, w h i le  abou t 1 ,600  m w e s t  (PGM15), i t  be lon gs  to  
th e  deep con du ctor .  The d i f f e r e n c e  between th e  two s e c t o r s  i s  an h ig h e r  
therm al g r a d ie n t  (235'*C measured a t  th e  top  o f  th e  L a v ic  T u ffaceou s  u n i t  
in  w e l l  PGM5 w ith  r e s p e c t  to  a tem pera tu re  o f  150'*C measured in  th e  same 
u n i t  in  th e  w e l l  PGM15). T h is ,  in  r e l a t i o n  to  hydro th erm al f l u i d s  
p e r c o l a t i n g  through th e  f a u l t s ,  has p r o b a b ly  caused  s i l i c a  m in e ra ls  
d e p o s i t i o n  in  PGM5 which has de te rm in ed  th e  change o f  p h y s i c a l  p r o p e r t i e s  
o f  th e  L a v ic  Tuffaceous u n i t  and le a d in g  to  a r e s i s t i v e  b e h a v io r .










F ig .  10.  DC r e s i s t i v i t y  p r o f i l e  B
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d e s c r i p t i o n  o f  th e  e l e c t r i c a l  and p h y s ic a l  p r o p e r t i e s  o f  th e  d i f f e r e n t  
u n i t s .  A d d i t io n a l  d e s c r i p t i o n s  through d e t a i l e d  l a b o r a to r y  s tu d y  on co re s  
and th e  ex e c u t io n  o f  w e l l  lo g s  c o u ld  en ab le  a c l e a r e r  p i c t u r e  on the  
r e l a t i o n  between l i t h o l o g y  and p h y s i c a l  p r o p e r t i e s .
The main e l e c t r i c a l  s t r u c t u r e s  a re  d e f in e d  by N-S d i s c o n t i n u i t i e s  
w ith  some E-W c r o s s  f a u l t s .  These d i s c o n t i n u i t i e s , which a r e  thought to  be 
a s s o c i a t e d  m a in ly  to  v e r t i c a l  f a u l t s ,  d e term in e  b lo c k  s t r u c t u r e s , and 
p r o b a b ly  r e p r e s e n t  th e  main f e e d in g  mechanisms o f  therm al f l u i d s  to  
s h a l lo w e r  p r o d u c t iv e  l e v e l s  from d e p th .  These f r a c t u r e s ,  in  c o n ju n c tio n  
w ith  anomalous tem p era tu res  and hydro therm al f l u i d s  p e r c o l a t i o n , c o n tr o l
th e  e l e c t r i c a l  r e s p o n s e s  o f  th e  f o r m a t io n s .
The g e n e r a l  r e s i s t i v i t y  c h a r a c t e r i s t i c s  i n t e r p r e t e d  from o th e r  50 
Schlum berger so u n d in g s , can be s y n th e s i z e d  as  f o l lo w s :
- R ecen t V o lc a n ic s . Due to  t h e i r  e x tre m e ly  w ide  l i t h o l o g i e  v a r i e t y  ranging  
from la v a s  to  te p h ra ,  la h a rs  and la k e  s e d im e n ts , th e s e  ro c k s  a re  
c h a r a c te r i z e d  by a w ide  range o f  r e s i s t i v i t y  v a lu e s  ( g r e a te r  than 1 ,000  Qm 
f o r  a n d e s i t i c  la v a s  in  th e  Santa Rosa a re a ,  and few  te n s  o f  Qm in  the  
c a ld e r a  p l a i n ) .
- T uffaceous  u n i t .  R ecogn ized  in  th e  PGM15, and p r o b a b ly  p r e s e n t  in  the  
w e s t  a rea  o f  th e  c a ld e r a ,  a s  w e l l  a s  sou th  o f  i t ,  shows v a lu e s  o f  15 -âO 
Qm, and a r e l a t i v e  r e s i s t i v e  p a t t e r n  e x p la in e d  by i t s  embedding between  
two s t r o n g  co n d u c to rs .
- Cabro Muco u n i t .  I t  p r e s e n t s  low (5-10  Qm) to  m id d le  low (15-20  Qm)
r e s i s t i v i t i e s . Lower v a lu e s  a re  o b ta in e d  c l o s e r  to  th e  w e l l s  PGM5, 11, and
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9 which a re  d r i l l e d  v e r y  c l o s e  to  im portan t f r a c t u r e s . Th is  may i n d i c a t e , 
due to  th e  d e f i n i t e  p re se n c e  o f  hydro therm al f l u i d s ,  f a c i l i t y  o f  t h i s  
fo rm a tio n  in  a l t e r a t i n g  in  a r g i l l i t i c - f i l l i t i c  f a c i e s ,  whose m in e ra ls  
d r a s t i c a l l y  reduce  r e s i s t i v i t y  v a lu e s .
- D a c i t i c - L a t i t i c  u n i t .  I t  p r e s e n t s  r e s i s t i v i t i e s  o f  th e  o r d e r  o f  50 Qm 
(PGM5). B u t,  l i k e  the  above mentioned fo rm a tio n  i t  may have low er  va lu e s  
around 5 -10  Qm (PGMll, 9 , 1 2 ) ,  in  r e l a t i o n  to  low -grade  a l t e r a t i o n
p r o c e s s e s  taken p la c e  c l o s e  to  f r a c t u r e s .
- Volcano sed im en ta ry  u n i t .  I t s  e l e c t r i c a l  b eh a v io r  i s  v e r y  d i f f i c u l t  to  
c l a s s i f y  e i t h e r  because i t s  com posi t ion  i s  e x tre m e ly  v a r ia b l e  ( v o l c a n i t e s  
and s e d im e n t s ) , a n d /o r  because i t s  a l t e r a b i l i t y , e s p e c i a l l y  in  i t s  
v o lc a n ic  p a r t ,  co u ld  be v e r y  im p o r ta n t.  I t  p r e s e n t s  v e r y  low v a lu e s  ( 1 .5 - 7  
Qm) , in  correspondence  o f  PGM3, 9, 10, 12, and m id d le - to - lo w  v a lu e s  (10-15  
Qm) in  the  upper p a r t  o f  the  sequence c l o s e  to  PGM15.
- L a v ic -T u ffa ceo u s  u n i t .  As m entioned b e fo r e ,  i t  may r e p r e s e n t  p a r t  o f  the  
deep con du ctor  (PGM15) w i th  r e s i s t i v i t i e s  as low as few  Qm, o r  th e  top  o f  
th e  r e s i s t i v e  su bstra tum  (FGM5 and 10, and p r o b a b ly  the  e a s t  p a r t  o f  the  
f i e l d ) .  Th is  r e s i s t i v e  b eh a v io r  r e s u l t s  as a fu n c t io n  o f  th e  a l t e r a t i o n  
a s s o c ia t e d  w i th  a p r o p i l i t i c  h ydro therm al s t a t e .
- I g n im b r i t i c  u n i t .  I s  c l e a r l y  a r e s i s t o r  w ith  v a lu e s  p o s i b l y  g r e a t e r  than 
30 Qm. I t s  r e s i s t i v i t y  i s  n o t  w e l l  de term in ed  in  DC soundings because i t  
appears  th e  l a s t  p a r t  o f  the  cu rve  ( th e  a scen d in g  one) and i t s  a s y m p to t ic  
v a lu e  i s  n o t  d e f in e d .  I t  r e p r e s e n t s  th e  top  o f  the  r e s i s t i v e  su bstra tu m  in  
th e  w e s te rn  p a r t  o f  the  f i e l d .
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No in fo rm a tio n  i s  a v a i l a b l e  on low er members o f  th e  l i t h o s t r a t i g r a -  
p h ic  s e r i e  because the  DC Schlumberger soundings done in  t h i s  area  d o n ' t  
n o t  rea ch , in  the  most f a v o r a b le  c a s e s ,  depth  o f  i n v e s t i g a t i o n  g r e a te r  
than 1 ,600  m. Regarding th e  dep th  o f  i n v e s t i g a t i o n  o f  the  DC method, i t  
has to  be e v i d e n t i a t e d  in  a rea s  l i k e  Santa Rosa, where a r e c e n t  la v a  f lo w  
i s  found, the  dep th  o f  p e n e t r a t io n  o f  the VES done has n o t  been g r e a te r  
than 350-400 m (DC 2340) due to  the  s c r e e n in g  e f f e c t  o f  th e  f i r s t  high  
r e s i s t i v e  la y e r .
DC Schlumberger i n t e r p r e t a t i o n s  have a l s o  been used to  c a l c u la t e  
TDEM forw ard  m odels ,  and to  c h a r a c te r i z e  the f i r s t  few  hundreds m e ters  o f  
th e  g e o e l e c t r i c a l  s e c t i o n ,  d ep th s  a t  which th e  long  o f f s e t  TDEM la c k s  o f  
r e s o l u t i o n .
T-3838 35
3 .2  P o t e n t i a l  F ie ld  S tu d ie s
During d i f f e r e n t  e x p lo r a t io n  s t a g e s ,  s t a r t e d  a lm o s t  f i f t e e n  y e a r s  
ago and c a r r i e d  on m a in ly  by I .C .E . , a la r g e  q u a n t i t y  o f  g r a v im e t r i c  and 
m agn etic  s t a t i o n s  have been c o l l e c t e d  in  th e  M ir a v a l le s  a rea .  In o r d e r  to  
have a w id e r  p r o c e s s in g  c a p a b i l i t y  in  th e  a t te m p t  to  e v a lu a te  deep s t r u c ­
tu r e s  in  th e  M ir a v a l le s  a re a ,  r e c e n t  d a ta  from a n ea rb y  p r o s p e c t  have been  
in c lu d e d  in  th e  c o n s id e r e d  ones. The Tenorio  p r o s p e c t  d a ta ,  b e lo n g in g  to  
th e  U.N. spon sored  p r o j e c t  COS 83, have been meshed to  th e  M ir a v a l l e s  one 
p e r m i t t i n g  a more " regional"  v iew  o f  th e  p o t e n t i a l  f i e l d  f e a t u r e s  o f  the  
a rea .
3 . 2 . 1  G ravi t y
1 ,140  g r a v i t y  measurements from th e  two a re a s  have been combined to  
form a Bouguer anomaly map shown in  f i g u r e  11. The d e n s i t y  chosen , on the  
s u g g e s t io n  o f  I .G .E .  s c i e n t i s t s  and on th e  b a s i s  o f  a n a lo g ie s  w i th  s i m i l a r  
v o lc a n ic  environm ents  (W ill iam s and Finn, 1982, 1985, 1987) was 2 .3  g /cm ^. 
Some f e a t u r e s  a re  ap p a ren t im m ed ia te ly  on th e  Bouguer map, p o in te d  ou t  
a l s o  in  a p e r s p e c t i v e  p l o t  in  f i g u r e  12, a lon g  w i th  th e  m a g n e tic s .
C o n s id er in g  J u s t  th e  M ir a v a l le s  a r e a ,  a g r a v im e tr ic  low in  the  
w e s te rn  p a r t  o f  th e  Guayabo c a ld e ra  and an h igh  in  i t s  e a s te r n  p a r t ,  on 
the southern f lan k  o f  the M iravalles  volcano (Santa Rosa a r e a ) , are p a r t ic u la r ly
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F ig .  11. Bouguer g r a v i t y  anomaly map o f  th e  M ir a v a l le s -T e n o r io  
area  (d -2 .3  g/cn^) and e x t r a c t e d  p r o f i l e s  f o r  th e  
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F ig .  12.  3D Bouguer g r a v i t y  and t o t a l  magnet ic  f i e l d  anomaly
maps .
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e v i d e n t .  I n t e r e s t i n g  a s p e c t  i s  th e  d isp la c em en t o f  th e  Bouguer anomaly 
h igh  sou th  o f  th e  p r e s e n t  peak o f  th e  vo lcan o . In a r e g io n a l  v ie w ,  th e se  
f e a t u r e s  f i n d  a s p e c u la r  r e f l e c t i o n  on th e  ones o f  th e  n earby  Tenorio  
vo lcan o  p r e s e n t in g  a low on i t s  w e s te rn  p a r t ,  and a h igh  on th e  sou thern  
f l a n k  o f  th e  mountain. The two v o lc a n ic  s t r u c t u r e s  a re  s e p a r a te d  by a 
t r e n d  o f  low s a l ig n e d  in  th e  main s t r i k e  d i r e c t i o n ,  i d e n t i f i e d  as NNE-SSW.
The d a ta  p r o c e s s in g  s t a r t e d  w i th  th e  s p e c t r a l  a n a ly s i s  v i a  the  
c a l c u l a t i o n  o f  th e  r a d i a l l y  averaged  power spectrum  and i t s  combined 
v e r t i c a l  d e r i v a t i v e  o f  o r d e r  one. The r e s u l t s ,  shown in  f i g u r e  13, 
p e r m i t t e d , u s in g  th e  S p e c to r  and Grant s t a t i s t i c a l  approach (S p e c to r  and 
G rant, 19 7 0 ) ,  th e  i d e n t i f i c a t i o n  o f  th r e e  components, a "basement" a t  an 
a vera g e  dep th  o f  abou t 2 .8  Km, and an in te r m e d ia te  and a sh a llo w  one. 
These e lem en ts  were used  to  d e s ig n  Wiener f i l t e r s ,  which p e r m i t t e d  th e  
s e p a r a t io n  and th e  s p a t i a l  c h a r a c te r i z a t io n  o f  th e  two d ee p e r  com ponents.
The c h o ic e  o f  th e  W iener f i l t e r  was done because  t h i s  f i l t e r  i s  
d e f in e d  as  th e  b e s t  ( in  th e  l e a s t - s q u a r e s  s e n se )  f i l t e r  a to  e x t r a c t  a 
s ig n a l  s  from th e  o b s e r v a t io n s  o (assumed to  be a r e a l i z a t i o n  o f  a 
s t a t i o n a r y  random p r o c e s s ) . O p era tin g  in  th e  f r e q u e n c y  domain w i th  o 0 
and s  S , th e  W iener f i l t e r  can be d e f in e d  a s:
< I aO -  S  ^ > -  inim nimum
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from which:
< 0*S >a -
The in te r m e d ia te  and d eep e r  W iener f i l t e r e d  g r a v i t y  component a re  
p r e s e n te d  in  f i g u r e s  14 and 15 r e s p e c t i v e l y . The in te r m e d ia te  component 
map shows, a s  main f e a t u r e  o f  th e  M ir a v a l le s  a re a ,  a s o r t  o f  c i r c u l a r  
t r e n d  o f  th e  maxima s l i g h t l y  n o r th  o f  San B ern ardo . The d eep e r  component 
map shows th e  main f e a t u r e s  n o t i c e d  in  th e  Bouguer map, w i th  a low in  the  
w e s te rn  s i d e  o f  th e  c a ld e ra  and an h igh  in  th e  SSE f la n k  o f  th e  v o lca n o .
F u r th er  s t e p  in  th e  s tu d y  o f  th e  s p e c t r a l  c h a r a c t e r i s t i c s  o f  the  
area  has been th e  c a l c u la t i o n  o f  th e  a n a l y t i c  s ig n a l  o f  th e  d i f f e r e n t  
components. T h is  p r o c e s s  i s  p a r t i c u l a r l y  u s e fu l  in  d e f in in g  th e  l i m i t s  o f  
a re a s  p r e s e n t in g  d i f f e r e n t  l a t e r a l  p h y s ic a l  p r o p e r t i e s  ( in  t h i s  ca se  den ­
s i t i e s )  th a t  can be a s s o c ia t e d  to  main s t r u c t u r a l  t r e n d s  a n d /o r  l i t h o l o g i e  
v a r i a t i o n s . T h is  method was chosen because th e  maxima o f  th e  a n a l y t i c  
s ig n a l  o ccu r  d i r e c t l y  o v e r  th e  upper and low er  edges  o f  a two d im ension a l  
t r a p e z o id a l  body (Nabighiam, 1 9 7 2 ,1 9 7 4 ) ,  and a re  n o t  t h e o r e t i c a l l y  o f f s e t  
by th e  d ip  a s  i t  happen in  th e  h o r i z o n t a l  g r a d ie n t  method (Grauch and 
C o r d e l l ,  1987).
The a m p li tu d e  o f  th e  a n a l y t i c  s ig n a l  i s  th e  square r o o t  o f  th e  sum 
o f  th e  sq u a res  o f  th e  h o r i z o n t a l  and v e r t i c a l  d e r i v a t i v e s  o f  th e  anomalous 
g r a v i t y  (o r  m agn etic )  f i e l d ,  and can be e x p r e s s e d  as:
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a (x )  “ [  (x) + Tf (x)
where,
Tlx) -  II  ^  T^lx) -
Here a M r e p r e s e n t s  th e  anomaly due to  a 2D p o ly g o n a l  g r a v i t y  (or  
m agn etic )  body.
The peaks  and r id g e s  o f  th e  c a l c u la te d  a n a l y t i c  s i g n a l s  in te r m e d ia te  
and deep component maps have then been p l o t t e d  and a re  p r e s e n te d  in  
f i g u r e s  16 and 17 r e s p e c t i v e l y . The in te r m e d ia te  r id g e s  p o i n t  o u t  the  
c i r c u l a r  f e a tu r e  n o t i c e d  in  th e  c o rre sp o n d e n t W iener f i l t e r e d  map. I t  i s  
a s s o c i a t e d  to  th e  Guayabo c a ld e r a  c o rre s p o n d in g , in  th e  n o r th  and w e s t  
s i d e ,  to  th e  l i m i t s  in d ic a t e d  by g e o l o g i c a l  s t u d i e s .  In th e  sou th ern  s i d e ,  
where th e s e  l i m i t s  a re  n o t  c l e a r  on s u r fa c e ,  th e  a n a l y t i c  s ig n a l  r id g e s  
d e f in e  t h i s  l i m i t  a p p ro x im a te ly  two km sou th  o f  La Fortuna. F u rth er  
d i s c o n t i n u i t i e s , w i th  NS, EW, NE-SW and NW-SE p r i n c i p a l  t r e n d s  a re  a l s o  
e v i d e n t .  The deep a n a l y t i c  s ig n a l  component i s  supposed  to  i d e n t i f y  
d i s c o n t i n u i t i e s  a s s o c ia t e d  to  th e  basem en t. In th e  M ir a v a l l e s  area  i t  
shows, as  im p o rta n t f e a tu r e s  r e l a t e d  to  th e  TDEM p r o f i l e  perform ed , a 
r id g e  between San Bernardo and La Fortuna and a n o th er  one sou th  o f  Santa  
Rosa. A nother im p o r ta n t r id g e  i s  l o c a l i z e d  N o f  La Fortuna and seems to  
co rre sp o n d  to  th e  d i s c o n t i n u i t y  T1 i d e n t i f i e d  in  th e  DC i n t e r p r e t a t i o n .
F u r th er  s t e p  in  th e  s tu d y  o f  th e  g r a v im e t r ic  d a ta ,  was the  
q u a n t i t a t i v e  i n t e r p r e t a t i o n  perform ed  w i th  th e  program MAGIXXL su p p o r ted  
by th e  I n te r p e x  S o ftw a re  company.
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Gravity Vertical Derivative (order 1) 
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F ig .  13. G r a v i ty  r a d i a l l y  averaged  spectrum  and combined v e r t i c a l  
d e r i v a t i v e  o f  o r d e r  one p l o t s .
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The program i s  a forw ard  and in v e r s io n  program which a l lo w s  th e  2 .5  
D m odeling  o f  bo th  g r a v im e tr i c  and m agnetic  d a ta .
Two p r o f i l e s  have been chosen f o r  th e  i n t e r p r e t a t i o n  ( s e e  p o s i t i o n  
in  f i g u r e  1 1 );  one c u t t i n g  th e  M ir a v a l le s -T e n o r io  a rea  p e r p e n d ic u la r l y  to  
th e  s t r u c t u r a l  s t r i k e  d i r e c t i o n  (AAl) , and a n o th er  one from SW-NE c r o s s in g  
th e  sou th ern  c a ld e r a  b o rd er  (AA2). The i n t e r p r e t a t i o n  has been based  on 
th e  in fo r m a tio n s  d e r iv e d  from th e  components s e p a r a t io n  and a n a l y t i c  
s ig n a l  a n a l y s i s . The d e n s i t y  c o n t r a s t  v a lu e s  have been chosen m ain ly  on 
th e  b a ses  o f  th e  s t u d i e s  done by Finn and W ill ia m s  (1982, 1985, 1987) in  
th e  Cascade Range, a g e o l o g ic a l  environm ent v e r y  s i m i l a r  to  th e  Guanacaste  
Range.
T h is  cause to  a la c k  o f  in fo rm a tio n ,  a t  th e  moment o f  th e  i n t e r p r e ­
t a t i o n ,  on d e n s i t y  v a lu e s  used by ICE e x p e r t s .
The o b ta in e d  r e s u l t s  a re  p r e s e n te d  r e s p e c t i v e l y  in  f i g u r e s  18 and 19.
The main f e a tu r e s  i d e n t i f i e d  in  th e  s e c t i o n  AAl a re  th e  morphology  
o f  th e  basem en t, and th e  p r e s e n c e , underneath th e  v o lc a n o e s , o f  two d en ser  
b o d i e s .
The morphology o f  th e  g r a v im e tr i c  basem en t, assumed to  have a 
d e n s i t y  c o n t r a s t  o f  +0 .35  g/cn^ in  r e s p e c t  to  th e  background d e n s i t y  (2 .3  
g /c n ? ) , c l e a r l y  shows two d e p r e s s io n s  in  the  w e s te rn  s i d e  o f  th e  Guayabo 
c a ld e r a  and in  th e  area  between th e  M ir a v a l le s  and Tenorio  v o lc a n o e s . 
L e s s e r  dense b o d ie s ,  m a in ly  con n ected  to  v o lc a n o -s e d im e n ta r y  f i l l i n g s , a re  
p r e s e n t  in  th e s e  d e p r e s s io n s . North o f  C u ip i la p a  and T ie r r a  Morenas, two 
h ig h s  a r e  s i m i l a r l y  e v i d e n t .  The n a tu re  o f  t h i s  basement i s  a s s o c ia t e d  to
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p r o d u c ts  l i k e  b a s a l t s  and pyroxene a n d é s i t e s  which have c h a r a c te r i z e d  th e  
f i r s t  v o l c a n ic  a c t i v i t y  in  th e  a rea .  Above th e  basem ent, i t  i s  i d e n t i f i e d  
a l a y e r ,  w i th  d e n s i t y  o f  2 .4 5  g /c n ? , r e p r e s e n t in g  d i f f e r e n t  e v o lv e d  p r o d ­
u c t s .  T h is  fo r m a tio n ,  whose morphology resem ble  th e  one o f  th e  basem en t, 
c o u ld  be a s s o c i a t e d  in  th e  Guayabo c a ld e r a  to  th e  i g n im b r i t i c  u n i t ,  o r  to  
p r o p i l i t i c  a l t e r a t i o n  f a c i e s .
Underneath th e  h ig h s  i d e n t i f i e d  on th e  sou th ern  s lo p e s  o f  th e  
v o lc a n o e s , im m ed ia te ly  n o r th  o f  C u ip i la p a  and T ie r r a  Morenas, two d en ser  
b o d ie s  (2 .9 5  g /cn?) a re  p r e s e n t  a t  d ep th s  o f  5600-4800 m below  th e  sea  
l e v e l .  They p r o b a b ly  r e p r e s e n t  in tr u d e d  b o d ie s  r e l a t e d  to  magma r e s e r ­
v o i r s  .
S e c t io n  AA2 shows, s i m i l a r l y  to  AAl, a sh a l lo w e r  basement toward the  
vo lca n o  and a deep i n t r u s i v e  underneath  Santa Rosa.
Im por tan t f e a t u r e s  a re  two s u b v e r t i c a l  h ig h e r  d e n s i t y  b o d ie s  (2 .8 5  
g /cn?) v e r y  c l o s e  to  th e  su r fa c e :  th e y  c o in c id e  w i th  main r id g e s  i d e n t i f i e d  
in  bo th  th e  in te r m e d ia te  and deep component a n a l y t i c  s ig n a l  p l o t s .  They 
a re  thought to  be a s s o c ia t e d  w i th  in t r u s io n s  a lon g  th e  c a ld e r a  sou th ern  
r im , ro u g h ly  one and a h a l f  km n o r th  o f  San B ernardo , and a p r o b a b le  r in g  
f r a c t u r e  l o c a te d  in  correspondence  o f  La Fortuna. In between th e  two 
i n t r u s i o n s , i d e n t i f y i n g  two m orph o log ica l h ig h s ,  1 - 1 .5  km w id e ,  in  the  
basem en t, a d e p r e s s io n  i s  found. In t h i s  a re a ,  a l e s s e r  dense body i s  
found a t  sh a llo w  d ep th s  to  r e p r e s e n t  l i g h t e r  p r o d u c ts  a s s o c ia t e d  w i th  a 
v o lc a n o -s e d im e n ta ry  f i l l i n g .  Toward th e  vo lcan o  peak , a r i s i n g  in  the  
basement and th e  superim posed  l a y e r  i s  e v id e n t  through th e  p r e s e n c e  o f
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im p o r ta n t  d i s c o n t i n u i t i e s , f a u l t s ,  l i k e  th e  one c l o s e  to  Las H o r n i l l a s , 
which i n t e r e s t  bo th  o f  th e  above m entioned l a y e r s .  In th e  n o rh tern  p a r t  o f  
th e  s e c t i o n ,  s i m i l a r l y  to  s e c t i o n  AAl, a d en ser  i n t r u s i v e  body i s  found a t  
d e p th .  J u s t  n o r th  o f  Santa Rosa, a r e l a t i v e  l i g h t e r  body (2 .2 5  g r /cn ? )  i s  
found embedded in  between th e  g r a v im e t r i c  basement and th e  above l a y e r .  I t  
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F ig . 16. I n te r m e d ia te  g r a v i t y  component a n a l y t i c  s ig n a l  
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F ig .  19.  I n t e r p r e t e d  g r a v i t y  s e c t i o n  AA2
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3 . 2 . 2  M agnetics
1 ,375  t o t a l  m agnetic  f i e l d  s t a t i o n s  have been c o n s id e r e d  and meshed 
in  th e  map shown in  f i g u r e  20. R e le v a n t  f e a t u r e s , in  th e  a rea  c o n s id e r e d  
in  t h i s  t h e s i s ,  a re  th e  anom alies  l o c a te d  in  th e  Guayabo c a ld e ra  which 
g i v e  prominence to  i t s  shape.
S i m i l a r l y  to  th e  g r a v i t y  d a ta ,  s p e c t r a l  a n a ly s i s  was perform ed  
s t a r t i n g  w i th  th e  c a l c u la t i o n  o f  th e  r a d i a l l y  averaged  power spectrum  and 
i t s  combined r e d u c t io n  to  th e  p o l e .  The r e l a t i v e  graphs a re  p r e s e n te d  in  
f i g u r e  21. In t h i s  c a se  to o ,  th r e e  component have been i d e n t i f i e d . These  
were in d i c a t i n g  d e p th s  o f  0 .7  and 2 .5  km r e s p e c t i v e l y  f o r  th e  in te r m e d ia te  
and deep m agnetic  com ponents. The in te r m e d ia te  and deep component maps, 
o b ta in e d  w i th  th e  use o f  Wiener f i l t e r s  d e s ig n e d  on th e  base  o f  the  
p r e v io u s  s p e c t r a l  a n a ly s i s  s ta g e ,  a re  p r e s e n te d  in  f i g u r e s  22 and 23 
r e s p e c t i v e l y .
The in te r m e d ia te  and deep component a n a l y t i c  s ig n a l  r id g e s  a re  
p r e s e n te d  in  f i g u r e s  24 and 25.
The p o s te d  r id g e s  o f  th e  in te r m e d ia te  component show c l e a r l y ,  as  the  
c o rre sp o n d e n t  g r a v im e t r i c  v e r s io n ,  a c i r c u l a r  f e a t u r e  in  th e  M ir a v a l le s  
a rea  th a t  co u ld  be a s s o c ia t e d  to  in tr u d e d  m agnetic  m a te r ia l  a lon g  th e  r in g  
f a u l t  r e l a t e d  to  th e  c a ld e ra  fo rm a tio n .  The sou th ern  b o rd er  o f  t h i s  
f e a t u r e  i s  lo c a te d  J u s t  n o r th  o f  San Bernardo: th e  p o s i t i o n  o f  t h i s
c i r c u l a r  f e a tu r e  i s  s l i g h t l y  o f f s e t  towards th e  sou th  in  r e s p e c t  to  the  
























F ig . 20 . T o ta l  f i e l d  m agnetom etric  map o f  th e  M ir a v a l le s -  
Tenorio  a rea .
T-3838 53




OS O J 0 .4  0 5  0 5  0 7  0 5  0.9 1.0 1.21.1
Magnetics Reduction to the Pole 
Sc Rodiolly Averaged Spectrum
19-
15 —
8  ■ 
S  1 3 -s
« 1 1 -
9 -
7 -
0 2  O J 0 .4  0 .5  0 5  0 .7  0 5  0 .9oiOO 1.1
FREQUENCY (cycles/Km)
F ig .  21 . M agnetics  r a d i a l l y  averaged  spectrum  and r e d u c t io n  
to  th e  p o le .
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sp a c in g  between th e  s t a t i o n s  does  n o t  p e rm i t  a r e s o l u t i o n  g r e a t e r  than one 
km. S i m i l a r l y  to  th e  g r a v i t y ,  a r i d g e ,  e v id e n t  J u s t  n o r th  o f  La Fortuna, 
i s  a s s o c ia t e d  to  th e  DC d i s c o n t i n u i t y  T l .  O ther  r i d g e s  d i s s e c t  the  area  
between La Fortuna and C u ip i la p a  w i th  NS, NW-SE and NE-SW tr e n d s .
The deep component a n a l y t i c  s ig n a l  map, b e s id e s  i r r e l e v a n t  b o rd er  
n o i s e ,  shows as  a main c h a r a c t e r i s t i c , o u t s id e  th e  c o n s id e r e d  a re a ,  a 
p a r a l l e l  s y s te m  o f  r id g e s  o r i e n te d  NE-SW, s u g g e s t in g  th e  p r e se n c e  o f  an 
im p o r ta n t s t r u c t u r a l  f e a tu r e  in  between th e  M ir a v a l l e s  and T enorio  v o l ­
canoes .
Due to  la c k  o f  t im e ,  no q u a n t i t a t i v e  i n t e r p r e t a t i o n  i s  p r e s e n t e d . A 
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F ig .  24 . I n te r m e d ia te  m agnetic  component a n a l y t i c  s ig n a l  
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F ig .  25 .  Deep magnet ic  component a n a l y t i c  s i g n a l  r i d g e s
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4 . TEST OF TDEM TECHNIQUES IN MIRAVALLES
4 .1  The TDEM Method
4 . 1 .1  G eneral P r i n c i p l e s
The T r a n s ie n t  Domain E le c tro m a g n e t ic  method (TDEM)is an in d u c t io n  
method in  which th e  su b su rfa ce  app a ren t r e s i s t i v i t y  v a r i a t i o n  i s  
i n d i r e c t l y  measured as  a fu n c t io n  o f  t im e .
In  t r a n s i e n t  e l e c tr o m a g n e t ic  te c h n iq u e s , a DC c u r r e n t  i s  caused  to  
f lo w  e i t h e r  through a lo o p ,  o r  a grounded d ip o l e .
The c u r r e n t ,  t r a n s m i t t e d  in  d i f f e r e n t  wave form s, i s  te rm in a te d  o r  
i n v e r t e d , in  a p e r i o d i c  c o n t r o l l e d  f a s h io n .  F o llow in g  F araday 's  law , t h i s  
v a r i a t i o n  o f  th e  t r a n s m i t t e r  c u r r e n t ,  and thus a l s o  o f  th e  t r a n s m i t t e r  
p r im a ry  m agnetic  f i e l d ,  in du ces  an e l e c t r o m o t iv e  f o r c e  (emf) in  nearby  
r o c k s .  The magnitude o f  t h i s  emf i s  p r o p o r t io n a l  to  th e  tim e r a t e  o f  
change o f  th e  p r im a ry  m agnetic  f i e l d  a t  th e  con du ctor .  The t u r n - o f f , o r  
th e  in v e r s io n  t im e ,  o f  th e  t r a n s m i t t e r  has to  be r a p id  enough to  a l lo w  a 
l a r g e  emf o f  s h o r t  d u r a t io n .  T h is  emf cau ses  eddy c u r r e n t s  to  f lo w  in  th e  
r o c k s ,  more e a s i l y  trough c o n d u c to r s , w i th  a decay  th a t  i s  fu n c t io n  o f  th e  
c o n d u c t i v i t y , s i z e  and shape o f  th e  con du c to r .  The d eca y in g  c u r r e n ts  
g e n e r a te  a p r o p o r t io n a l  (secon dary)  m agnetic  f i e l d  whose tim e r a t e  o f  
change i s  measured by a r e c e i v e r  c o i l  o r  a v e r t i c a l  component magne­
to m e te r .
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4 . 1 . 2  The Colorado School o f  Mines TDEM System
The GSM TDEM (Kauffman and K e l l e r ,  1983, K e l l e r  e t  a l .  1984) sy s tem  
i s  composed o f  two u n i t s ,  a t r a n s m i t t e r  (Tx) and a r e c e i v e r  (Rx) s e p a r a te d  
by a v a r i a b l e  o f f s e t  d i s t a n c e .
A grounded d ip o l e  powered w i th  h igh  a m p litu d e  c u r r e n t  squ are  waves  
i s  a s o u rce  f o r  th e  induced  EM f i e l d .  The v e r t i c a l  component o f  th e  mag­
n e t i c  in d u c t io n  i s  then d e t e c t e d  a t  sounding s i t e s  l o c a t e d  a t  r e l a t i v e l y  
la r g e  d i s ta n c e s  (up to  s e v e r a l  k i l o m e te r s )  compared to  th e  d e s i r e d  depth  
o f  i n v e s t i g a t i o n .  In f i g u r e  26 , th e  Tx-Rx f i e l d  la y o u t  and param eters  
in v o lv e d  a re  i l l u s t r a t e d ,  i . e . :  so u rce  d ip o l e  le n g th  ( L ) , p e a k - to -p e a k  
c u r r e n t  a m p l i tu d e  ( I ) ,  an g le  between th e  p e r p e n d ic u la r  to  th e  so u rce  w ir e  
and th e  d i r e c t i o n  Tx-Rx (<f>), d i s ta n c e  Tx-Rx (R) , a rea  o f  th e  Rx loop  (A),  
and v o l ta g e  d e t e c t e d  by th e  r e c e i v e r  (V ) .
With t h i s  s e t t i n g ,  th e  m agnetic  f i e l d  a t  th e  s e n so r  w i l l  be 
(Kauffman and K e l l e r ,  1983):
 sin</> [ 1 . 6 9 2  e   ̂ + ( 1 ------------- 0  (u)  ]
4itR^ 2u^
where:
2 tp  '
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IL i s  the  so u rce  moment (A x  m ), t  i s  the  tim e f o l lo w in g  th e  beg inn in g  o f  
th e  t r a n s i e n t , i s  th e  m agnetic  p e r m e a b i l i t y , and ^(u) i s  th e  e r r o r  fu n c ­
t i o n .  To be n o te d  t h a t ,  in  t h i s  sy s tem  th e  d e r i v a t i v e  o f  t h i s  m agnetic  
f i e l d  i s  re c o rd e d .
V (t)
loop se n so r
Receiver Unit
Source Unit
loop s e n s o r  with an e f f e c t iv e  
a re a . A, o f  63750 o r  
255000 m e te rs  sq u a re d
digital reco rd in g  sy stem
grounding e le c tro d e s  
sq u a re  wave g e n e ra to r  
I p e a k - to -p e a k  c u r re n t  amplitude
L length  o f  grounded wire so u rc e
R s o u rc e - re c e iv e r  sep a ra tio n
Q  angle betw een perpend icu lar to  so u rc e  wire and 
rad ia l to  re c e iv e r  positions
F ig . 26 . TDEM s o u r c e - r e c e i v e r  c o n f ig u r a t io n .
The p r o c e s s in g  o f  th e  f i e l d  o b s e r v a t io n s  i s  done to  make the  
g e o m e tr ic  and o th e r  n o n -ea r th  r e l a t e d  param eters  in dependen t from the  
s y s te m  re sp o n se .
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In th e s e  g e o m e tr ic a l  and o p e r a t io n a l  c o n d i t i o n s , th e  s ig n a l  ( v o l ta g e  
as a f u n c t io n  o f  t im e)  d e t e c t e d  depends n o t  o n ly  on th e  r e s i s t i v i t y  o f  th e  
e a r th ,  b u t a l s o  on th e  d i s ta n c e  between Tx and Rx. T h is  Tx-Rx d i s t a n c e , 
and th e  t a r g e t  r e s p o n s e , a re  th e  param eters  c o n t r o l l i n g  th e  i n v e s t i g a t i o n  
dep th  o f  th e  method th a t  can be assumed ranging  between 0 .3  and one t im es  
th e  d i s ta n c e  Tx-Rx.
The c h o ic e  o f  a so u rce  r e p r e s e n te d  by a grounded e l e c t r i c  d ip o l e  
( K e l l e r ,  1984 ) ,  in s t e a d  o f  a c o i l ,  and a v e r t i c a l  component r e c e i v e r ,  
in s t e a d  o f  any o f  th e  o th e r  two m agnetic  f i e l d  com ponents, i s  e x p la in e d  as  
f o l l o w s .
The t r a n s i e n t  s ig n a l  from a grounded w ir e  d ecays  l e s s  r a p i d l y  w ith  
t im e  and d i s ta n c e  from th e  so u rce  than th e  s ig n a l  from  a lo o p .  This  
r e f l e c t s  in  a s t r o n g e r  c o u p lin g  e f f e c t  which makes th e  r e c o r d in g  o f  th e  
t r a n s i e n t  f i e l d  e a s i e r  and more a c c u r a te .
The v e r t i c a l  component o f  th e  m agnetic  f i e l d  i s  l e s s  a f f e c t e d  than 
th e  h o r i z o n t a l  one from n o i s y  c u l t u r a l  and n a tu r a l  EM f i e l d s ,  which a re  
s t r o n g e r  in  th e  h o r i z o n t a l  p la n e  (m agnetic  I P ) .  T h e re fo re ,  i t s  measurement 
i s  more a c c u r a te .  The h o r i z o n t a l  components o f  th e  e l e c t r i c  f i e l d  a re  
s i m i l a r l y  a f f e c t e d  by n o is e  o f  n a tu r a l  and c u l t u r a l  o r i g i n  and p r e s e n t ,  
fu r th e r m o r e ,  induced  p o l a r i z a t i o n  phenomenon which c o u ld  con tam in a te  the  
s i g n a l .  A t t h i s  r e g a r d ,  th e  CSM c o n f ig u r a t io n  p r e s e n t s  as  an advan tage  the  
f a c t  th a t  I .P .  e f f e c t s ,  l o c a l i z e d  m ain ly  in  p o l a r i z a b l e  b o d ie s  underneath  
o r  c l o s e  to  th e  t r a n s m i t t e r , a re  minimal (Kaufmann e t  a l .  , 1989, Smith and 
W est, 1988) in  r e l a t i o n  to  th e  Tx-Rx o f f s e t .
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The t r a n s m i t t e r , o r  EM so u rc e ,  i s  d e s ig n ed  to  c r e a t e  an e le c tr o m a g ­
n e t i c  f i e l d  by  d r i v i n g  an h igh  a m p litu d e  square wave o f  DC c u r r e n t  a long  
a grounded le n g th  o f  c a b le .  As th e  c u r re n t  f l i p s  from p o s i t i v e  to  
n e g a t i v e , o r  v i c e  v e r s a ,  d r iv e n  by  m echanical s w i tc h e s  c o n t r o l l e d  by a 
d i g i t a l  c lo c k  syn ch ro n ize d  w i th  th e  r e c e i v e r , a secon dary  m agnetic  f i e l d  
i s  c r e a te d .  As th e  d i r e c t i o n  o f  th e  c u r re n t  f lo w  r e v e r s e s  th e  a s s o c ia t e d  
m agnetic  f i e l d  a l s o  r e v e r s e s , cau s in g  in d u c t io n ,  cou p led  w i th  th e  m agnetic  
f i e l d ,  to  ta k e  p la c e  in  th e  e a r th .  The c u r re n t  used  by  th e  t r a n s m i t t e r  
u n i t  i s  s u p p l i e d  by a th r e e - p h a s e , h igh  power g e n e r a to r .
The r e c e i v e r  ( s e e  f i g u r e  2 7 ) ,  has th e  f u n c t io n  to  a m p l i f y  and f i l t e r  
th e  t r a n s i e n t s  and, through a n a l o g / d i g i t a l  c o n v e r s io n , to  s t o r e  them in  
com puter f i l e s .
The r e c e i v e r  s e n so r  f o r  t h i s  s u rv e y  was a 500 f e e t  m u l t i c o a x ia l  (102 
co n d u c to rs )  in d u c t io n  lo o p ,  whose e f f e c t i v e  a rea  i s  abou t 177000 m^. The 
s ig n a l  d e t e c t e d  i s  a t r a n s i e n t  ( m i l l i v o l t s  in  fu n c t io n  o f  t im e)  which i s  
enhanced through d i f f e r e n t  s t e p s  o f  a m p l i f i c a t io n  and f i l t e r i n g .  T h is  l a s t  
s t e p  in c lu d e s  n o tch  and low p a s s  f i l t e r s .  The f i r s t  f i l t e r  i s  used  to  c u t  
th e  e f f e c t  o f  th e  power used  to  e n e r g iz e  th e  sy s te m  and o f  th e  c u l t u r a l  
a c t i v i t i e s  which o r i g i n a t e s  s p u r io u s  f r e q u e n c ie s  and harmonics (60 /180  Hz 
o r  5 0 /150  H z). The low p a s s  f i l t e r  i s  used  to  e l im in a te  unwanted AC s ig n a l  
and n o i s e  v o l ta g e  in  th e  o u tp u t .  I t s  bandwidth i s  narrow enough n o t  to  
a f f e c t  th e  v e r y  low fre q u e n c y  components in  th e  d e s i r e d  s i g n a l s .  I t  has to  
be n o te d  th a t  f i l t e r i n g  in  TDEM i s  n o t  an or th odox  p ro ced u re  and sh ould  be 
l i m i t e d  as  much as  p o s s i b l e , t h i s  because th e  low p a s s  lo w e rs  th e
T-3838 64
a m p litu d e  o f  th e  reco rd ed  s i g n a l ,  and th e  no tch  l i m i t s  th e  in fo rm a tio n s  a t  





















F ig . 27 . R e c e iv e r  components.
A m p l i f ie d  and f i l t e r e d  ana log  s ig n a l s  a r e  then c o n v e r te d  to  d i g i t a l  
through an A/D board and a computer a c q u i s i t i o n  program which p e r m i ts  the  
s e l e c t i o n  o f  a sam pling  r a t e  f r e q u e n c y , t r i g g e r i n g  o n s e t  and o th e r
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p a ra m e te r s .  The maximum p o i n t s  p e r  r e c o r d  d e t e c t a b l e  a re  1024 (o r  2048) .  
T h is  in s tru m e n ta l  l i m i t a t i o n  redu ces  the  e f f e c t i v e  r e c o r d in g  window in  
t im e to  a p p r o x im a te ly  th r e e  decades .  The h e ig h t  o f  t h i s  r e c o r d in g  window 
i s  c o n t r o l l e d  by  th e  number o f  b i t s  in  th e  A/D c o n v e r te r .  For the  
equipment u sed ,  a D i g i t a l  PDP-11, th e  b i t s  a re  tw e lv e  and th e  v o l ta g e  
window i s  th r e e  and one h a l f  decades .  T h is  because  tw e lv e  b i t s  r e p r e s e n t s , 
f o r  1024 sampled p o i n t s ,  4096 s t e p s ,  numbers t h a t ,  in  a dynamic range o f  
10 v o l t s  (between -5 and + 5 ) ,  can be c o n v e r te d  to  d i g i t a l .  Each o f  th e se  
s t e p s  r e p r e s e n t s  2.4x10'^ v o l t s .
Data a c q u i s i t i o n  i s  done through s ta c k in g  te ch n iq u e s  which a l lo w  to  
im prove th e  s ig n a l  to  n o is e  r a t i o .
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4 .2  Work Done
The work perform ed  has m a in ly  c o n s i s t e d  in  two p a r t s ,  a p r e p a r a t io n  
one ( s u r v e y  d e s ig n )  and th e  f i e l d  s u rv e y .  In th e  f i r s t  one a r e v ie w  o f  
p r e v io u s  c o l l e c t e d  VES d a ta ,  a forw ard  TDEM m odeling  o f  some e x p e c te d  
s e q u e n c e s , and th e  o r g a n iz a t io n  o f  th e  f i e l d  work, in c lu d in g  a p r e p a r a to r y  
t r i p  to  C osta  R ic a ,  has been done. In th e  secon d , th e  f i e l d  work in  
M ir a v a l l e s  has been perform ed.
4 . 2 .1  Survey  D esign
T h is  f i r s t  o p e r a t io n a l  s t e p  o f  t h i s  phase c o n s i s t e d  o f  a r e v ie w  o f  
th e  DC d a ta  c o l l e c t e d  in  th e  M ir a v a l le s  a rea  in  o r d e r  to  b e t t e r  understand  
th e  e l e c t r i c a l  b e h a v io r  o f  th e  fo rm a tio n s  to  be i n v e s t i g a t e d . These  
r e s u l t s  o b ta in e d  a re  d i s c u s s e d  in  an e a r l i e r  paragraph .
The second  s t e p  c o n s i s t e d  in  th e  c a l c u la t i o n  o f  s e v e r a l  s y n t h e t i c  
sounding cu rv e s  r e l a t i v e  to  d i f f e r e n t  e x p e c te d  m ode ls ,  and d i f f e r e n t  
o p e r a t io n a l  p a ra m eters  (R ,A ,L ) . T h is  was done in  o r d e r  to  v e r i f y  th e  
r e s o l u t i o n  c a p a b i l i t y  o f  th e  method, to  i d e n t i f y  th e  equipment to  use  and 
th e  tim e window in  which to  o p e r a te  f o r  th e  c h a r a c te r i z a t io n  o f  a c e r ta i n  
t a r g e t .
The t a r g e t  was th e  p o s s i b l e  p r e se n c e  o f  magma b o d ie s  underneath  the
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M ir a v a l l e s  v o lca n o . D i f f e r e n t  m odels have been t e s t e d  r e f l e c t i n g  i n d i c a ­
t i o n s  deduced by p r e v io u s  s t u d i e s .  L i t e r a t u r e  a v a i l a b l e , r e l a t e d  m ain ly  to  
Magneto t e l l u r i c s  s u r v e y s ,  i n d i c a t e s  d i f f e r e n t  p o s s i b i l i t i e s . Some a u th o rs  
(B eblo  e t  a l . ,  1978-1980, Newmann e t  a l . ,  1985) a s s o c i a t e  magma b o d ie s  to  
s t r o n g  c o n d u c to r s .  O ther  a u th o rs  (Park, 1988, S ta n le y ,  19 8 7 ) ,  a f f i r m  the  
i m p o s s i b i l i t y  to  c h a r a c te r i z e  them from th e  e l e c r t i c a l  p o i n t  o f  v iew .
In  t h i s  t h e s i s ,  d i f f e r e n t  p a ra m eters  o f  r e s i s t i v i t y  and t h i c k n e s s e s , 
e i t h e r  th e  p o s s i b i l i t y  o f  a c o n d u c t iv e  body a t  d e p th ,  o r  a r e l a t i v e  
r e s i s t i v e  (some te n th s  o f  Om) surrounded by a s t r o n g  co n d u c to r  r e p r e s e n t ­
in g  an a l t e r a t i o n  h a lo ,  were t e s t e d  through fo rw ard  m odeling  and the  
s e n s i t i v i t y  a n a ly s i s  program EMDIF4 w r i t t e n  by p r o f e s s o r  K e l l e r .  The 
p u rpose  o f  th e s e  c a l c u l a t i o n s  w ere th e  d e f i n i t i o n  o f  th e  tim e window in  
which a t r a n s i e n t  has to  be r e c o rd e d  in  o rd e r  to  c h a r a c te r i z e  a c e r ta i n  
e l e c t r i c  la y e r i n g  seq u en ce . The d e f i n i t i o n  o f  th e  t im e  window p e r m i ts  to  
s p e c i f y  th e  instirum ental req u irem e n ts  to  measure th e  t r a n s i e n t s .
A l l  th e  c a l c u la t e d  m odels have shown th e  p o s s i b i l i t y  to  be ch a ra c ­
t e r i z e d  by  th e  TDEM w ith  good p r e c i s i o n  in  a tim e window ran g in g ,  f o r  th e  
d i f f e r e n t  p a ra m eters  used between 0 .0 5  and 22-25 seco n d s .  The r e s u l t s ,  
co rre sp o n d in g  to  l e s s  than th r e e  d eca d e s ,  were h ig h ly  p r o m is in g .
Two examples o f  s e n s i t i v i t y  a n a ly s i s  c a l c u l a t i o n s , done assuming the  
t h i r d  l a y e r  as th e  t a r g e t  o f  th e  s tu d y ,  a re  r e p r e s e n te d  in  f i g u r e  28 a)  
and b ) . In  th e s e  p l o t s  o b ta in e d  by  c o n to u r in g  th e  "Frechet d e r i v a t i v e "  
p a ra m eter  (o b ta in e d  w i th  th e  program EMDIF4), a s  a fu n c t io n  o f  tim e and 
ran ge ,  th e  change o f  s ig n ,  i n d ic a t e d  by the  b la c k  l i n e ,  d e f in e  th e  c e n te r
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(maximum) o f  th e  t im e  window. The tim e window i s  l i m i t e d  by th e  peaks o f  
th e  + / -  s ig n s ,  i d e n t i f i e d  by th e  re d  and b lu e  c o l o r s .  The f i r s t  p r e s e n te d  
m odel, i s  r e l a t i v e  to  a sequ en ce , h y p h o t iz e d  b e fo r e  th e  TDEM s u r v e y ,  f o r  
th e  Santa Rosa a r e a ,  where a magma body was thought to  e x i s t  a t  dep th  as  
a r e l a t i v e  r e s i s t o r  surrounded by a c o n d u c t iv e  a l t e r a t i o n  h a lo .  The second  
i s  th e  s e n s i t i v i t y  a n a ly s i s  done on th e  model e x t r a c t e d  from th e  
i n t e r p r e t a t i o n  o f  th e  sounding perform ed in  t h a t  l o c a t io n  (TD9), where  
J u s t  a con du c tor  was found. The r e s u l t s  i n d i c a t e  how, th e  tim e window 
e v a lu a te d  in  th e  s e n s i t i v i t y  a n a ly s i s  p r e - s u r v e y  s ta g e  (d e f in e d  in  the  
p e r io d  0 .0 8 -2 4  s e c o n d s ) , i s  s i m i l a r  to  th e  one o b ta in e d  from th e  c a l ­
c u la t io n  based  on th e  TD9 sounding model (0 .1 -2 6  s e c o n d s ) .
The t h i r d  s t e p  o f  th e  su rv e y  d e s ig n  was th e  p r a c t i c a l  p r e p a r a t io n  o f  
th e  f i e l d  work, i . e .  c h o ic e  o f  th e  in s tr u m e n ta t io n ,  o p e r a t io n a l  parame­
t e r s  , so u rce  lo c a t io n  and o r i e n t a t i o n ,  and soundings lo c a t io n .
P lann ing  to  reach  i n v e s t i g a t i o n  d ep th s  g r e a t e r  than ten  k i l o m e t e r s , 
i t  was chosen to  use an in s tru m e n ta t io n  which would a l lo w  th e  maximum 
so u rce  moment; a so u rce  w i th  180 ampere maximum o u tp u t  and a s e n s o r  formed  
by up to  f o u r  lo o p s  which, assem bled  in  s e r i e s , may g i v e  a maximum r e c e i v ­
in g  a rea  o f  2 ,2 9 5 ,0 0 0  m^, were s e l e c t e d .
In o r d e r  to  v e r i f y  th e  a v a i l a b i l i t y  o f  th e  g e n e r a to r  and th e  c a b le  
r e q u ir e d  f o r  th e  so u rc e ,  to  p r e v ie w  th e  area  to  be i n v e s t i g a t e d  and to  
l o c a t e  th e  sou rce  s i t e ,  a f i r s t  e x p lo r a to r y  m iss io n  to  C osta  R ica  has been  
done in  th e  f i r s t  week o f  S ep tem ber , 1989. With th e  h e lp  o f  ICE, a 60 Kw 
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Fig .  28.  S e n s i t i v i t y  a n a l y s i s  p l o t s  (EMDIF4 o u t p u t s ) .
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A t r i p  to  M ir a v a l l e s  p e r m i t t e d  a l s o  to  p o s i t i o n  two p ro m is in g  a r e a s ,  
spaced  abou t 4 ,0 0 0  m e te r s  and lo c a te d  abou t tw e n ty  km sou th  o f  the  
M ir a v a l l e s  f i e l d ,  a s  d i p o l e  s i t e s  f o r  th e  so u rc e .  T h is  was p o s s i b l e  a f t e r  
th e  e x e c u t io n  o f  some Schlumberger soundings which a l lo w e d  th e  i d e n t i f i c a ­
t i o n  o f  low r e s i s t i v i t y  a re a s  and th e  c a l c u la t i o n  ( K e l l e r  e t  a l .  , 1983) o f  
th e  c o n ta c t  r e s i s t a n c e  (Rg) f o r  an h y p o th e t i c a l  e l e c t r o d e  r e p r e s e n te d  by  
a p ip e  o f  th r e e  in ch es  and a maximum le n g th  o f  tw e n ty  m e te r s .  The 
c a l c u l a t i o n s  o f  Rg were done on th e  i n t e r p r e t e d  la y e r s  o f  th e  Schlumberger  
soundings and summed, f o l l o w in g  th e  r e l a t i o n :
R9i R9n
to  o b ta in  a t o t a l  c o n ta c t  r e s i s t a n c e  v a lu e .
The c a l c u la t e d  Rg and Rgt v a lu e s  f o r  th e  soundings done in  th e  a rea s  
chosen as  so u rce  p o le s  a re  shown in  ta b l e  2 .
The v a lu e s  o b ta in e d ,  ran g ing  from 0 .3  to  0 .4  Qm, were good, so  the  
d r i l l i n g  o f  th r e e  20-30  m e te rs  deep ca sed  b o re h o le s  f o r  each s i d e  was 
d e c id e d .  Taking in t o  account th a t  th e  r e s i s t i v i t y  o f  th e  c a b le  was 0 .83  
Om/km, and th e  d i s ta n c e  between th e  chosen p o le s  was 4 km, th e  t o t a l  
c o n ta c t  r e s i s t a n c e  o f  th e  sy s te m  was c a l c u la t e d  in  th e  o r d e r  o f  3 -4  Qm. 
T h is  v a lu e  and th e  t r a n s m i t t e r  equipment a v a i l a b l e  in d i c a t e d  th e  p o s s i b i ­
l i t y  to  o b ta in  c u r r e n t s  o f  th e  o r d e r  o f  120-200 Amperes.
Through th e  use  o f  a s p r e a d s h e e t  program, th e  needed  p e a k - to -p e a k  
c u r r e n t  to  r e s o l v e  a s e c t i o n  o f  a c e r t a i n  avera g e  r e s i s t i v i t y  has then
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VES: Montano 03 R io  Montenegro (X=403.7 Y=276.9)
I n t e r p r e t e d  l a y e r s Rg
R (Om) T (m) (Qm)
20 2 0 .7 5
70 3 .5 3 .2 7
22 13 .5 0 .6 2
70
Rg t o t a l  = 0 .3 8  Qm
VES: Montano 05 Rio Blanco (X^A07.6 Y=276.8)
I n te r p r e t e d  l a y e r s Rg
R (Qm) T (m) (Qm)
110 3 .5 5 .1 5
14 20 0.31
50
Rg t o t a l  = 0 .31  Qm
—  t a b l e  2 ------------------------------------
T able  2 .  C on tac t  r e s i s t a n c e  c a l c u la t i o n s  f o r  th e  two
soundings r e l a t i v e  to  th e  a re a s  chosen to  l o c a t e  
so u rce  e l e c t r o d e s .
been c a l c u la t e d  f o r  d i f f e r e n t  p a ra m e te r s .  In ta b l e  3 ,  an example i s  shown 
o f  an o u tp u t  o f  th e  program, w i th  c u r re n t  v a lu e s  I  as  a fu n c t io n  o f  
v a r y in g  r e s i s t i v i t y  and d i s ta n c e  R, and f i x e d  and A. As can be
se e n ,  th e  c a l c u la t e d  c u r r e n t  needed  to  r e s o l v e  even a v e r y  low r e s i s t i v i t y  
s e c t i o n  a t  d i s ta n c e s  o f  th e  o r d e r  o f  20 ,000  m e te rs  were f a l l i n g  in  the  
range o f  c u r r e n t s  o b ta in a b le  w i th  th e  t r a n s m i t t e r  c o n f ig u r a t io n  chosen.
A l l  t h i s  gave  a good c o n f id e n c e  in  th e  p o s s i b i l i t y  o f  r e c o r d in g  a 
good q u a l i t y  s ig n a l  and to  r e s o l v e  th e  g e o l o g i c a l  t a r g e t  p r o p o s e d .
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T able  3 .  O utput o f  th e  s p r e a d s h e e t  program TDSMOM f o r  th e  
c a l c u la t i o n  o f  th e  sou rce  moment as  a fu n c t io n  o f  
A, L, R and r e s i s t i v i t y .
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4 . 2 . 2  F ie ld  E xper ience
The second m iss io n  to  C osta  R ica  was done in  th e  p e r io d  November 19^  ̂
- December 12^^, a l lo w in g  th e  perform ance o f  th e  f i n a l  so u rce  p r e p a r a t io n  
and s u rv e y  p la n n in g , and th e  e x e c u t io n  o f  th e  m easurem ents .
The so u rce  s i t e  was com ple ted  w i th  th e  d r i l l i n g  o f  th r e e  ca sed  (3h") 
b o r e h o le s  f o r  each e l e c t r o d e , w i th  dep th  ran g in g  between 20 and 25 m. The 
o r i e n t a t i o n  o f  t h i s  a r r a y  o f  e l e c t r o d e s  (N-S, p e r p e n d ic u la r  to  th e  d ip o le )  
and th e  sp a c in g  among them (60 m) was chosen to  im prove th e  e f f i c i e n c y  o f  
th e  grounding  o f  th e  d i p o l e ,  whose le n g th  was f i n a l l y  3 ,9 0 0  m e te r s .  With  
t h i s  c o n f ig u r a t io n ,  which i s  s c h e m a t ic a l ly  shown in  f i g u r e  29 , the  
measured c o n ta c t  r e s i s t a n c e  was 4 .9  Qm and th e  in p u t  c u r r e n t  o b ta in e d  was 
150 'amps peak  to  peak ,  con firm in g  th e  form er  t h e o r e t i c a l  c a l c u la t i o n .
Due to  th e  absence  o f  in fo rm a tio n  on deep e l e c t r i c a l  f e a t u r e s , 
u n c e r t a i n t i e s  on th e  r e s i s t i v i t y  v a lu e  o f  th e  g e o e l e c t r i c  s e c t i o n ,  
im proved by th e  h y p o th e s i s  o f  v e r y  low v a lu e s  r e l a t e d  to  geo therm al  
a c t i v i t y , le a d  to  th e  d e c i s io n  to  p la n  a s u rv e y  c o n s i s t i n g  in  a N-S 
p r o f i l e .  The reason  o f  t h i s  ch o ic e  was to  en ab le  th e  p r o s p e c t in g  crew to  
"follow" th e  s ig n a l  s t a r t i n g  from s h o r t e r  d i s ta n c e s  R where th e  s ig n a l  i s  
s t r o n g e r . T h is  to  en ab le  th e  perform ance o f  e v e n tu a l  m o d i f ic a t io n s  to  the  
sy s te m  as  needed . The a c q u i s i t i o n  param eters  were d e c id e d  to  be 30 seconds  
f o r  th e  s w i tc h in g  p e r io d  o f  th e  c u r r e n t  in  th e  so u rce  d i p o l e ,  and 24 
m i l l i s e c o n d s  f o r  th e  sam pling  fre q u e n c y  o f  th e  r e c e i v e r  s y s tem . T h is  was 
to  a l lo w  l a r g e r  tim e to  th e  r e c o r d in g  o f  th e  t r a n s i e n t s  and t h e i r  b e t t e r
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c h a r a c t e r i z a t i o n .
In f o u r  d a ys ,  12 soundings were done a lon g  th e  p lann ed  p r o f i l e ,  from  
th e  I n t e r  amer lean  Highway to  th e  Santa Rosa a rea .  In f i g u r e  30 i s  
r e p r e s e n te d  a sch em atic  map w i th  th e  p o s i t i o n  o f  th e  so u rce  and r e c e i v in g  
s i t e s .  The g e o m e tr ic a l  param eters  r e l a t i v e  to  th e  so u rce  and th e  soundings  
a r e  r e p o r te d  in  ta b l e  4 . In t a b l e  5 i t  i s  p r e s e n te d  a l i s t  o f  th e  a c q u i s i ­
t i o n  p a ra m eters  f o r  each sou n d in g .
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Fig .  30.  TDEM so u rce  and r e c e i v e r s  l o c a t i o n  map.
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Source
P o le  1 (Rio B lanco):  407 .600  
P o le  2 (Rio M ontenegro): 403 .700  
Lenght: 3901 .3  (m) X cen ter= 405 .650
276 .800  
276 .900  
Ycenter=^276.850
R e c e iv e r  L o ca t io n s R (m)
1) 401 .050 287 .500 11601 25
2) 407 .650 272 .650  In tera m er ica n 4651 34
3 )  409 .500 281 .600 6114 38
4) 410 .050 282 .500 7161 36
5) 410 .250 284 .200 671 31
6) 408 .600 287 .750 11292 14
7) 406 .550 289 .100 12283 3
8) 404 .900 292 .300 15468 4
9) 408 .500 299 .600  Santa Rosa 22928 6
10) 405 .600 296 .400  PGM-12 19550 2
11) 407 .300 295 .150  Lag. P e je 18374 4
12) 404 .600 294 .200  La Fortuna 17381 5
Tab le  4 . L o ca t io n  and g e o m e tr ic a l  param eters  o f  th e  TDEM 
so u rce  and soundings in  th e  M ir a v a l le s  a rea .
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Notch60 N otch l80 S ta c k s
1 24 40 IN IN 30
2 24 10 IN IN 30
3 24 50 20
4 24 50 20
5 24 50 30
6 24 50 20
7 24 50 30
8 24 50 IN IN 40
9 24 10 100
10 24 50 IN IN 30
11 24 10 IN IN 30
12 24 10 IN IN 30
T able  5 .  A c q u is i t io n  p a ra m eters  f o r  th e  TDEM so u n d in g s , w i th  
c o n s ta n t  so u rce  s w i tc h in g  p e r io d  o f  30 seco n d s .
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4 . 2 .3  Data Q u a l i ty
The q u a l i t y  o f  th e  a c q u ire d  d a ta  was e x tre m e ly  good, e x c e p t  f o r  two 
s o u n d in g s , number 1 and 10. T h is  was due to  e l e v a te d  lo c a l  c u l t u r a l  a n d /o r  
g e o l o g ic a l  n o i s e .  The la c k  o f  tim e made im p o s s ib le  t h e i r  r e p e t i t i o n .  The 
r e c o rd e d  and s ta c k e d  t r a n s i e n t s  a re  r e p o r te d  in  appen d ix  1.
E xcep t f o r  th e  above m entioned two so u n d in g s , no r e l e v a n t  c u l t u r a l  
n o is e  was o b s e rv e d ,  a l lo w in g  o f t e n  n o t  to  use th e  n o tch  f i l t e r s ,  and to
redu ce  th e  use  o f  th e  low p a s s  f i l t e r .  T h is  r e s u l t e d  in  a b e t t e r
c h a r a c t e r i z a t i o n  o f  th e  t r a n s i e n t s , due to  th e  f a c t  th a t  th e  use o f
f i l t e r s  can d i s t o r t  th e  shape o f  th e  r e co rd ed  s i g n a l .  The use  o f  f i l t e r s  
was made n e c e s s a r y  e s p e c i a l l y  in  th e  a f te rn o o n ,  when la r g e  a tm o sp h er ic s  
d is c h a r g e s  under th e  form o f  l i g h t i n g  o ccu rred .  These s p h e r i c s , a c t i v e  in  
th e  1 Hz to  10~  ̂ Hz range , a re  th e  i n t e r a c t i o n  o f  r e g io n a l  l i g h t n in g  
s to rm s ,  h av in g  an energy  which p ro p a g a te s  in  a waveguide bounded by the  
io n o sp h ere  and th e  e a r t h ' s  s u r f a c e ,  and lo c a l  a tm o sp h er ic  d isc h a rg e
s o u r c e s .  The r e s u l t i n g  spec trum  o f  n o is e  e x h ib i t e d  a w ide  dynamic range  
and a v e r y  t r a n s i e n t  ty p e  o f  in d iv id u a l  p e a k s ,  a v o id a b le  o n ly  w i th  the  
J o i n t  use  o f  s ta c k in g  and f i l t e r i n g  te ch n iq u e s .
O ther  ty p e  o f  d i s t o r t i o n s  o b s e r v e d , e s p e c i a l l y  in  th e  f r o n t - e n d  p a r t  
o f  th e  e a r l y  and l a t e  t im es  cu rv e ,  were due to  s t r u c t u r a l  e f f e c t s  l i k e  
b id i m e n s io n a l i t y  o f  th e  underground a n d /o r  f a u l t s .  These f e a t u r e s  a re  
e v i d e n t  e s p e c i a l l y  toward th e  c a ld e r a  and i n s i d e  i t ,  where soundings 8 , 9,  
11 and 12 were made. In p a r t i c u l a r  TD12 r e s e n t s  o f  d i s t o r t i o n  a t  v e r y
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e a r l y  t im e  due p r o b a b ly  to  b id im en s io n a l  e f f e c t s ,  w h i le  TD9, as  c l e a r l y  
in d ic a t e d  by  th e  r e co rd ed  r e v e r s e d  t r a n s i e n t , i n d i c a t e  th e  n ea rb y  p re se n c e  
o f  an h ig h ly  s t i p p i n g  con du cto r  p r o b a b ly  r e p r e s e n t in g  a f a u l t .  TD8 be longs  
to  t h i s  group o f  so u n d in g s , r e sem b lin g  TD12 in  i t s  v e r y  e a r l y  t im e  d i s ­
t o r t i o n s  .
The prob lem  in tr o d u c e d  by  th e s e  e a r l y  tim e d i s t o r t i o n s  was s o l v e d ,  
in  th e  l a t e r  s ta g e  o f  i n t e r p r e t a t i o n ,  through th e  use o f  e x i s t i n g  DC 
soundings in  e v a lu a t in g  th e  f i r s t  few  hundreds m e ters  o f  th e  i n v e s t i g a t e d  
s e c t i o n .
4 .3  Data P r o c e s s in g
The d a ta  p r o c e s s in g  r e p r e s e n t s  a s e r i e s  o f  p ro ced u res  which p e r m i ts  
th e  r e d u c t io n  o f  th e  f i e l d  s ta c k e d  d a ta  ( v o l t a g e - v e r s u s - t im e )  to  th e  
a p p a ren t r e s i s t i v i t y  c u r v e s .
The main s t e p s  f o l lo w e d  were d e c o n v o lu t io n  and ap p a ren t r e s i s t i v i t y  
c a l c u l a t i o n .
4 . 3 .1  D econ vo lu tion
In th e  g e o p h y s ic a l  s e n s e ,  d e c o n v o lu tio n  means th e  rem ova l,  through  
d a ta  p r o c e s s i n g , o f  u n d e s ir a b le  e f f e c t s  co n vo lved  w i th  a d a ta  r e c o r d .
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In TDEM measurements, th e  s ig n a l  r e c o r d e d ,  i s  th e  c o n v o lu t io n  
between th e  e a r th  r e sp o n se  and th e  in p u t  s t e p  a long  w i th  th e  a s s o c ia t e d  
so u rce  and r e c e i v e r  n o i s e .  T h is  co n cep t can be s y n th e s i z e d  by th e  
r e l a t i o n :
y ( t )  ~ e ( t )  * s ( t )  + n ( t )
where: y ( t )  = r e co rd ed  t r a n s i e n t  
e ( t )  = e a r th  re sp o n se  
s ( t )  = sy s tem  re sp o n se  
n ( t )  “ a d d i t i o n a l  n o is e
A s s o c ia t in g  th e  e f f e c t  o f  th e  sy s tem  r e sp o n se  and th e  n o i s e  to  the  
co n c e p t  o f  f i l t e r i n g , th e  d e c o n v o lu t io n  p r o c e s s  i s  then th e  d e s ig n  and 
im p lem en ta tion  o f  an in v e r s e  f i l t e r  which a l lo w s  th e  removal o f  unwanted 
s i g n a l s  which d i s t o r t  e s p e c i a l l y  th e  f i r s t  p a r t  o f  th e  r e c o r d .  The in v e r s e  
f i l t e r  d e s ig n  co n cep t can be sch em a tized  through th e  f o l lo w in g  eq u a tio n s  :
s ( t )  * s~  ̂( t )  ~ 6 ( t )
where: s '^ ( t )  = in v e r s e  o f  th e  sy s tem  re sp o n se
8 ( t )  == Kronecker d e l t a  (1 i f  t= 0 , 0 i f  t9^0)
Combining th e  r e l a t i o n s h i p s  d e s c r ib e d  above:
y ( t )  * s~  ̂( t )  ~ e ( t )  * s ( t )  * s ~ ^ ( t )  + n ^ ( t )
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where: n ^ ( t)  ^ n(C) * s~^(t)  = a d d i t i o n a l  n o is e  
y ( t )  * s ~ ^ ( t )  -  e ( t )  -t-n  ̂( t )
Thus by  c o n v o lv in g  th e  re c o rd e d  s ig n a l  y ( t )  w i th  th e  d e s ig n ed  sy s tem  
re sp o n se  in v e r s e  f i l t e r  s ~ ^ ( t ) , i t  i s  p o s s i b l e  to  r e c o v e r  th e  o r ig in a l  
s ig n a l  p lu s  some a d d i t i v e  n o i s e .
As o u t l i n e d  by Rossow (1 9 8 7 ) ,  d e c o n v o lu t io n  may be approached in  
th r e e  d i f f e r e n t  ways: th e  tim e domain approach, th e  fre q u e n c y  domain
approach , and th e  model approach. The f i r s t  two, even p erfo rm in g  w e l l  as  
p r e d i c t e d  by th e  th e o r y ,  a re  l i m i t e d  by  th e  f a c t  t h a t  th e  TDEM r e c o r d  i s  
to o  s i m i l a r  in  shape to  th e  sy s te m  r e s p o n s e . The la c k  o f  s u f f i c i e n t  
s e p a r a t io n  between th e  s p e c t r a  cause th e  in co m p le te  r e c o v e r  o f  th e  s i g n a l ,  
e s p e c i a l l y  in  i t s  f i r s t  p a r t .
The model d e c o n v o lu t io n ,  a method d e v e lo p e d  a t  C .S .M ., was the  
te ch n iq u e  used to  p r o c e s s  th e  M ir a v a l le s  d a ta .  T h is  method i s  s t r u c tu r e d  
in  two s t e p s :  in  th e  f i r s t ,  an e a r th  model i s  c o n vo lved  w i th  a g iv e n  
s y s te m  re s p o n s e ,  w h i le  in  th e  second , th e  r e s u l t  i s  compared to  the  
re c o rd e d  s ig n a l  through i t e r a t i v e  tech n iq u es  up to  th e  moment in  which a 
minimum s a t i s f a c t o r y  e r r o r  i s  reached .
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4 . 3 . 2  Apparent R e s i s t i v i t y
A f t e r  d e c o n v o lu t io n , th e  s i g n a l ,  which c o n ta in s  o n ly  th e  in fo rm a tio n  
r e l a t i v e  to  th e  e a r th  r e s p o n s e , has to  be n o rm a lized  to  make i t  in d ep e n ­
d e n t  from  th e  g e o m e tr ic  and o th e r  n o n -ea r th  r e l a t e d  p a ra m e te r s .  T h is  can 
be done through th e  co n cep t o f  app a ren t r e s i s t i v i t y , in te n d e d  a s  th e  
r e s i s t i v i t y  v a lu e  computed from th e  o b se rv e d  q u a n t i t i e s  on th e  assum ption  
th a t  th e  e a r th  i s  uniform  in  c h a r a c te r .
There i s  no s t r a ig h t f o r w a r d  analog  to  th e  co n cep t o f  apparen t  
r e s i s t i v i t y  as  used  in  th e  DC and MT sounding m ethods. The approach to  th e  
co n cep t o f  a p p a ren t r e s i s t i v i t y  i s  done d e f in in g  two e x p r e s s io n s  based  on 
th e  a s y m p to t ic  b e h a v io r  o f  th e  above in tro d u c e d  m agnetic  f i e l d  eq u a tio n  in  
e a r l y  and l a t e  t im es  ( K e l l e r  and Kauffman, 1983) .
The a sym p to te  o f  th e  equ a tion  f o r  th e  m agnetic  f i e l d  a t  th e  se n so r  
f o r  sm a ll  v a lu e  o f  t  ( t im e  f o l lo w in g  th e  beg in n in g  o f  th e  t r a n s i e n t )  i s :
dBZ _ 3pILcos^
d t  2 isR *
which can be i n v e r t e d  to  y i e l d  a s im p le  e x p r e s s io n  f o r  th e  apparen t  
r e s i s t i v i t y  a t  e a r l y  t im e s .
.  _ 2xR^
r z  e a r l y 3AILcos<P
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For lo n g e r  t im e s ,  th e  computed va lu e  o f  ap p a ren t r e s i s t i v i t y  r o l l s  
o v e r ,  assuming no d i r e c t  r e l a t i o n s h i p  w i th  g e o e l e c t r i c  s t r u c t u r e s . This  
t im e  i s  c a l l e d  in te r m e d ia te  and in fo r m a tio n s  a r e  n o t  c h a r a c te r i z e d  due to  
th e  f a c t  t h a t  th e  a c tu a l  c u r r e n t  d i s t r i b u t i o n  i s  "in motion" and th e  
e x te r n a l  m agnetic  f i e l d  a s s o c ia t e d  w i th  th e  moving and d e c r e a s in g  c u r r e n ts  
d ecays  r a p i d l y  w i th  t im e . A s ta g e  i s  reach ed , however, where th e  c u r re n t  
d i s t r i b u t i o n  becomes in v a r ia n t  w i th  tim e;  t h i s  s ta g e  i s  c a l l e d  l a t e  t im e .
The a s y m p to t ic  e x p r e s s io n  f o r  th e  m agnetic  in d u c t io n  a t  v e r y  l a t e  
t im e  i s :
âBg IL ft,^ R sin4>_
4 0 n  ^ t  ^
Again , t h i s  can be in v e r t e d  to  p r o v id e  a unique s o lu t i o n  f o r  th e  
r e s i s t i v i t y  o f  a h a l f  space  from o b s e r v e d  param eters:
P z  l a t e  **
RAIL f i /  cos4>
4 4
4 0 i t  ^ t  ^ V
2 / 3
D i f f e r e n t l y  from th e  e a r l y  t im e  e x p r e s s io n , t h i s  depends a l s o  on
tim e .
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4 .4  I n t e r p r e t a t i o n
The i n t e r p r e t a t i o n  o f  th e  TDEM d a ta  has been done in  two main s t e p s ,  
a q u a l i t a t i v e  and a q u a n t i t a t i v e  one.
The f i r s t  one, based  on th e  TDEM d a ta  o n ly ,  has p e r m i t t e d  th e  q u a l i t a t i v e  
e v a lu a t io n  o f  th e  e l e c t r i c a l  p r o p e r t i e s  and t h e i r  b e h a v io r  a lon g  the  
p r o f i l e .  The second one, ta k in g  i n t o  c o n s id e r a t io n  a l s o  th e  g e o lo g y  and 
th e  p r e v i o u s l y  d e s c r ib e d  r e i n t e r p r e t a t i o n  o f  some g e o p h y s ic a l  d a ta ,  has  
p e r m i t t e d  th e  q u a n t i t a t i v e  d e f i n i t i o n  ( in  term s o f  r e s i s t i v i t i e s  and 
t h ic k n e s s e s )  o f  th e  e l e c t r o s t r a t i g r a p h i c  fo rm a tio n s  i n v e s t i g a t e d  and t h e i r  
g eo m etry .
4 . 4 .1  Q u a l i t a t i v e  I n t e r p r e t a t i o n
T h is  f i r s t  phase o f  th e  i n t e r p r e t a t i o n  has been done, working on th e  
a p p a ren t r e s i s t i v i t y  c u r v e s ,  through th e  d i v i s i o n  o f  th e  c u rv e s  in  groups  
p r e s e n t in g  s i m i l a r  c h a r a c t e r i s t i c s , th e  e s t im a t io n  o f  th e  r o l l  o v e r  tim e  
p a ra m e te r ,  and th e  c o n s t r u c t io n  o f  an apparen t r e s i s t i v i t y  p s e u d o s e c t io n .
The a n a l y s i s  o f  th e  shape and b eh a v io r  o f  th e  ap p a ren t r e s i s t i v i t y  
c u rv e s  has p e r m i t t e d  t h e i r  c l a s s i f i c a t i o n  in  fo u r  g ro u p s .  F igure  31 
i l l u s t r a t e s  one t y p i c a l  cu rve  f o r  each group. The groups  can be d e s c r ib e d  
as  f o l l o w s :
- group 1 , in c lu d in g  soundings TD2, TD3, and TD4 p r e s e n t s  a
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f o u r  l a y e r s  sequence o f  th e  HK ty p e  (p l>p2<p3>p4);
- group 2 ,  in c lu d in g  TD5, TD6 and TD7, p r e s e n t s  a f i v e  l a ­
y e r s  sequence o f  th e  HKH ty p e  (pl>p2<p3>p4<p5);
- group 3 ,  in c lu d in g  TD8, TD9 and T D l l , p r e s e n t s  a fo u r  
l a y e r s  sequence o f  th e  HA ty p e  (p l> p2< p3<p4), and
- group 4 , r e p r e s e n te d  by TD9 o n ly ,  w i th  an HAK ty p e  f i v e  
l a y e r s  sequence (pl>p2<p3<p4>p5) .
In t h i s  c l a s s i f i c a t i o n ,  p u r e ly  q u a l i t a t i v e , i t  has to  be taken i n to  
account th a t  in  t h i s  ty p e  o f  TDEM th e  s e n s i t i v i t y  to  deep la y e r s  i s  
in c r e a s e d  w i th  a l a r g e r  d i s ta n c e  R. Th is  means th a t  th e r e  i s  the  
p o s s i b i l i t y  t h a t  group 1 , f o r  example, cou ld  p r e s e n t  th e  same HKH ty p e  
sequence o f  group 2 ,  b u t th e  d i s ta n c e  R (and hence th e  i n v e s t i g a t i o n  
d e p th )  i s  n o t  l a r g e  enough to  p e r m i t  th e  c h a r a c te r i z a t io n  o f  th e  l a s t  
l a y e r .  S im i la r  c a se  co u ld  be p r e s e n t  f o r  group 3 and 4.
The f o u r  groups  d e f in e  a rea s  p r e s e n t in g  d i f f e r e n t  e l e c t r o s t r a t i ­
g ra p h ic  b e h a v io r  in  th e  d i s t r i b u t i o n  o f  th e  r e s i s t i v i t i e s  and t h i c k n e s s e s .
The r o l l  o v e r  tim e i s  d e f in e d  as  th e  l a t e s t  tim e o f  i n t e r e s t  in  an 
e a r l y  t im e  a p p a ren t r e s i s t i v i t y  cu rve  (o r  th e  e a r l i e s t  in  th e  l a t e  t im e ) .  
I t s  v a lu e  has been e s t i m a te d , f o r  th e  e a r l y  tim e c u rv e s  a lon g  th e  p r o f i l e ,  
p ic k in g  th e  t im e  where th e  r e s i s t i v i t y  was f a l l i n g  by a f a c t o r  o f  two. 
T h is  p a ra m e te r ,  depending on th e  e l e c t r o s t r a t i g r a p h i c  s e c t i o n  and the  
d i s ta n c e  R, has been r e p r e s e n te d , in  c o n ju n c tio n  w i th  th e  apparen t  
r e s i s t i v i t y  p s e u d o s e c t io n ,  in  f i g u r e  32.
The apparen t  r e s i s t i v i t y  p s e u d o s e c t i o n ,  i s  a con tou red  r e p r é s e n t a -
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t i o n  o f  th e  e a r l y  tim e apparen t r e s i s t i v i t y  v e r su s  tim e a lon g  a p r o f i l e .  
T h is  r e p r e s e n ta t i o n ,  a cco rd in g  w i th  the  cu rve  g rou p in g ,  p e r m i ts  th e  
i d e n t i f i c a t i o n ,  in  th e  area  above th e  r o l l  o v e r  tim e l i n e ,  o f  f o u r  main 
z o n e s .  The f i r s t  in c lu d e s  TD2, TD3, TD4 and TD5, th e  secon d , w ith  
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F ig .  31 . T y p ic a l  TDEM cu rv e s  o f  th e  M ir a v a l le s  su rve y .
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Toward n o r th  i t  i s  d e f in e d  an o th er  area  w i th  an h e terogen eou s  b e ­
h a v io r  o f  th e  apparen t r e s i s t i v i t i e s  f o r  s h o r t e r  t im e s  (below  1 s e c o n d ) . 
The r o l l  o v e r  t im e ,  which a b r u p t l y  in c r e a s e  in  t h i s  a r e a ,  p r e s e n t  w ide  
v a r i a t i o n s  r e f l e c t i n g ,  p r o b a b ly ,  changes in  th e  p h y s ic a l  param eters  
i n v e s t i g a t e d  and s t r u c t u r e s . The fo u r th  a rea ,  in c lu d in g  o n ly  TD9, p r e s e n t s  
s t r o n g  r e s i s t i v i t y  v a r i a t i o n  f o r  low er  p e r io d s  and th e  h ig h e r  r o l l  o v e r  
t im e  r e l a t e d  to  th e  l a r g e r  Tx-Rx d i s ta n c e  R (22 ,928  m) and, c o n s e q u e n t ly , 
to  an e x p e c te d  l a r g e r  i n v e s t i g a t i o n  dep th .
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F ig .  32 .  TDEM p r o f i l e  apparen t  r e s i s t i v i t y  p s e u d o s e c t i o n .
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4 . 4 . 2  Q u a n t i ta t i v e  I n t e r p r e t a t i o n
T h is  second phase o f  th e  i n t e r p r e t a t i o n  in v o lv e d  th e  in v e r s io n  o f  
th e  TDEM cu rve  and th e  c a l c u la t i o n  o f  th e  conductance param eter .
a . I n v e r s io n
The main p a r t  o f  th e  q u a n t i t a t i v e  i n t e r p r e t a t i o n  was done through ID 
i n v e r s io n  to  e x t r a c t ,  from th e  r e s i s t i v i t y  c u r v e s ,  an e l e c t r o s t r a t i g r a p h i c  
model c o h e re n t  w i th  th e  a v a i l a b l e  g e o l o g i c a l  and g e o p h y s ic a l  d a ta .
The TDEM d a ta  have been modeled and in v e r t e d  u s in g  th e  program ARRTI 
su p p o r te d  by  th e  s o f tw a r e  company I n te r p e x .
The program f i r s t  c a l c u l a t e s  s y n t h e t i c  v a lu e s  from an e a r th  model,  
in tr o d u c e d  by  th e  i n t e r p r e t e r ,  f o r  th e  tim e v a lu e s  s p e c i f i e d  by  th e  d a ta .  
T h is  fo rw ard  c a l c u la t i o n  i s  a m o d if ie d  v e r s io n  o f  th e  USGS W a lte r  
A n derson 's  programs HZWIRE and HCLOOP. The c a l c u la t i o n  i s  done u s in g  a 
Hankel tra n sfo rm  from wavenumber space  to  r e a l  s p a c e ,  and a F o u r ie r  
tra n s fo rm  from  fr e q u e n c y  to  t im e . A f t e r  th e  fo rw ard  com puta tion  o f  th e  
s y n t h e t i c  m odel, an au to m a tic  r id g e  r e g r e s s io n  in v e r s io n  tech n iq u e  (Inman, 
1975) i s  a p p l i e d  to  m od ify  t h i s  model to  f i t  th e  d a ta .  In m athem atica l  
te rm s ,  t h i s  i s  a l e a s t - s q u a r e  f i t t i n g  o f  non l i n e a r  p a r a m e te r s .
The i t e r a t i v e  i n t e r p r e t a t i o n  has been done i n t e r a c t i v e l y  to  c o n tr o l  
th e  r e s u l t  and q u a l i t y  o f  th e  p r o c e s s .  T h is  has been p o s s i b l e  in tr o d u c in g  
a s t a r t i n g  model based  on g e o l o g i c a l  and p r e v i o u s l y  r e i n t e r p r e t e d  
g e o p h y s ic a l  d a ta .
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In p a r t i c u l a r , th e  i n t e r p r e t a t i o n  o f  th e  s h a l lo w e r  p a r t  o f  th e  IDEM 
soundings done in  th e  M ir a v a l le s  geo therm al f i e l d  a rea  was based  on DC 
Schlum berger s o u n d in g s . The J o i n t  use o f  DC and IDEM soundings f o r  th e  
i n t e r p r e t a t i o n  was p o s s i b l e  o n ly  in  few  lo c a t io n s  (TD9, TDll and TD12) due 
t o  th e  la c k  o f  d a ta  sou th  o f  th e  La Fortuna a rea .  The DC soundings used ,  
p r o c e s s e d  and i n v e r t e d  w i th  th e  program ATO (Zhody, 1989 ) ,  were a l s o  
modeled w i th  a s ta n d a rd  la y e r e d  in v e r s io n  ID program (DCID) d e ve lo p ed  a t  
th e  Colorado School o f  Mines. The r e s u l t s  were u sed  f i r s t  to  c a l c u l a t e ,  
u s in g  th e  program TDEM2, a fo rw ard  TDEM model which p e r m i t t e d  to  e v a lu a te  
th e  f i r s t  p a r t  o f  th e  TDEM cu rv e s  and h ere  remove s p u r io u s  e f f e c t s  r e l a t e d  
to  n o i s e  and m u lt id im e n s io n a l  s t r u c t u r e s . These DC m odels were a l s o  used  
as  a s t a r t i n g  p o i n t  to  f i x  th e  p a ra m eters  o f  th e  f i r s t  TDEM la y e r s  u s in g  
a DC-TDEM J o i n t  in v e r s io n  program (DCTDJI). In p a r t i c u l a r , th e  approxim ate  
r e s i s t i v i t i e s  o f  th e  f i r s t  con du ctor  and r e s i s t i v e  su b s tra tu m  and the  
dep th  o f  th e  to p  o f  th e  l a s t  one were o b ta i n e d .
The param eters  ded u c ted  in  t h i s  phase were then used  in  the  
f o l l o w in g  ID TDEM in v e r s io n .
A sch em a tic  f lo w  c h a r t  o f  th e  c a l c u la t i o n s  perform ed  i s  p r e s e n te d  in  
t a b l e  6.
In ta b l e  7 a re  l i s t e d  th e  r e s u l t s  o f  th e  TDEM m o d e lin g , the  
conductance (S) f o r  each l a y e r  and i t s  t o t a l  v a lu e ,  and, where a v a i l a b l e , 
th e  in v e r s io n s  o f  th e  DC Schlum berger d a ta  used  to  e v a lu a te  th e  sh a l lo w e r  
p a r t  o f  th e  e l e c t r o s t r a t i g r a p h i c  s e c t i o n .
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TDEM
— t a b l e  6
DC
ATO ID Autom atic  I n v e r s io n
DCID ID L ayered  I n v e r s io n
TDEM2 Forward TDEM M odeling  
DCTDJI J o in t  I n v e r s io n  DC-TDEM
A P r i o r i  In fo rm a tio n s
ARRTI ID TDEM I n v e r s io n
T ab le  6 . Schem atic  f lo w  c h a r t  o f  th e  c a l c u la t i o n s  perform ed .
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TD 2  In tera m er  lean  Highway
rho (dm) T (m) S (mhos)
8 .4 168 2 0 .0
2 .3 1566 6 9 3 .7
2 0 .0 2663 133.1
3 .9 S to t= ‘8 4 6 .9
RMS % 3 .7 4 CALIBRATION: 0 .960 OFFSET: 4651 m
TD 3
rho (dm) T (m) S (mhos)
13 .8 649 4 7 .2
2 .1 616 2 9 9 .8
2 4 .1 2960 122 .8
3 .2 S to t= 4 6 9 .9
RMS % 3 .5 4 CALIBRATION: 0 .913 OFFSET: 6114 m
TD 4
rho (dm) T (m) S (mhos)
1 9 .5 599 3 0 .7
2 .5 830 3 3 6 .4
2 5 .8 2800 108 .6
7 .2 S to t= ’4 7 5 .7
RMS % 4 .0 2 CALIBRATION: 1 .0 4 OFFSET: 7161 m
TD 5
rho (dm) T (m) S (mhos)
2 4 .6 674 1 3 .4
1 .7 522 2 4 9 .5
2 5 .7 2710 3 6 .0
8 .2 1441 8 8 .0
1 2 0 .7 S to t^ 3 8 7 .2
RMS % 2 .3 5  CALIBRATION: 1 .7 8 OFFSET: 8671 m















CALIBRATION: 1 .0 7
1 3 .4  
2 4 9 .5
3 6 .0
8 8 .4  
S to t^ 3 8 7 .2
OFFSET: 11292 m
TD 7 Casa VieJa N orte
rho (dm) T (m) S (mhos)
1 6 .4
5 .5  
2 5 .0
7 .6  
120 .0





CALIBRATION: 1 .0 8
3 .6  
2 1 9 .0  
4 7 .6  
1 1 8 .4  
Stot==388.6  
OFFSET: 12292 m
TD 8 Laguna B r is a s
rho (dm) T (m) S (mhos)
4 .7
2 .7  
2 2 .5
135 .0




CALIBRATION: 1 .0 2
70 .0  
2 99 .3  
3 8 .6  
Sto t= ‘4 0 7 .6  
OFFSET: 15468 m
TD 9 Santa Rosa DC 2340
rho (dm) T (m)
1 .1 350
1 9 .9 1353
9 5 .6 4383
2 .9
t 3 2 8 .4  
68.0  
4 5 .0  
S to t= 4 4 2 .2
RMS % 3 .6 1  CALIBRATION: 1 .4 6  
t a b l e  7 -----------------------------------------
rho (dm) T (m)
1265 .0 7
3 0 8 .0 25
1 1 .8 80
3 1 .6 55
2 .5 182




TD 11 Laguna PeJe DC 57000
rho (dm) T (m) S (mhos) rho (m) T (m)
1 2 .2
4 .3
* 1 0 . 0
124 .0
220 18 .1  
1050 #  2 4 5 .2  
1331 134 .9  
S to t~ 3 9 8 .2
4 9 .7
850 .0  
3 3 .3
5 .4
123 .0  
3 .1







T to t^ l2 5 0 #
RMS % 5 .6 7 CALIBRATION: 0 .993 OFFSET: 18374 m
TD 12 Laguna E s te r o  Blanco DC 44110
rho (dm) T (m) S (mhos) rho (m) T (m)
8 .2 539 6 6 .2 9 6 .5 14
3 .4 1035 # 3 0 6 .0 1 0 .6 42
1 6 .0 1500 9 3 .7 45 .1 78
100 .0 Stot==465.9 4 .7  
* 2 2 .3
1440
Tto t=1574#
RMS % 4 .3 9 CALIBRATION: 1 .09 OFFSET: 17385 m
ta b l e  7
Tab le  7. TDEM i n t e r p r e t e d  models and c o rre sp o n d e n t  DC 
c a l i b r a t i o n s .
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b . Conductance
A nother param eter  c o n s id e re d  in  t h i s  phase o f  d a ta  a n a l y s i s , i s  the  
co n d u c ta n ce . I t  can be d e f in e d  ( K e l l e r  and F r is c h k n e c h t , 1966) as  th e  
th ic k n e s s  o f  a l a y e r  m u l t i p l i e d  by  th e  in v e r s e  r e s i s t i v i t y  o f  th a t  l a y e r .
T o ta l  conductance i s  th e  sum o f  th e  conductances  f o r  each l a y e r  as  
shown in  th e  f o l l o w in g  r e l a t i o n :
S -  S  d I
where, S i s  th e  t o t a l  con du c tan ce , H i s  th e  th ic k n e s s  o f  a l a y e r ,  and a i s  
i t s  c o n d u c t i v i t y .
The c a l c u la t i o n  o f  th e  t o t a l  conductance f o r  each cu rve  can be done, 
assum ing a h ig h ly  r e s i s t i v e  basement where th e  e a r l y  tim e apparen t  
r e s i s t i v i t y  rea ch es  a maximum b e fo r e  f a l l i n g  o f f ,  a l s o  u s in g  th e  
e m p ir ic a l  r e l a t i o n :
s  - R
T h is  approach has been u sed ,  to g e th e r  w i th  th e  r e s u l t s  o f  th e  
program ARRTI which i s  g i v i n g ,  f o r  e v e r y  c u r v e ,  th e  conductance o f  each 
l a y e r  and t h e i r  t o t a l  v a lu e ,  to  r e p r e s e n t  th e s e  param eters  a lon g  the  
p erform ed  p r o f i l e .
Three conductance p r o f i l e s  have been p l o t t e d  and a r e  r e p r e s e n te d  in  
f i g u r e  33 a ,  b and c .  These a r e  th e  conductance o f  th e  f i r s t  con du c tor  and 
r e s i s t i v e  su b s tra tu m , which a re  r e p r e s e n te d  in  a l l  sou n d ings , and the
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t o t a l  conductance .
In a l l  p l o t s ,  th e  fo u r  area  q u a l i t a t i v e  soundings g rou p in g  can be 
a p p r o x im a te ly  r e c o g n iz e d .  T h is  was p o s s i b l e  even i f  l o c a l  d i f f e r e n c e s  in  
th ic k n e s s e s  and r e s i s t i v i t y , due to  s t r u c t u r e s  and l i t h o l o g y , can be 
o b se r v e d  in  changes o f  tr e n d .
In  p a r t i c u l a r , th e  p l o t  o f  th e  conductance o f  th e  f i r s t  con du ctor  
( f i g .  33 a )  shows minimal v a lu e s  f o r  group 2 .  H igher v a lu e s  a re  p r e s e n t  in  
group one, w i th  a maximum f o r  TD2 due to  a low er  r e s i s t i v i t y  and h ig h e r  
th ic k n e s s  o f  t h i s  l a y e r ,  in  group 3 ,  w i th  th e  e x c e p t io n  o f  TDll where the  
co n d u c to r  i s  th in n e r ,  and group 4.
The conductance o f  th e  r e s i s t i v e  su bstra tum  ( f i g .  33 b) shows h ig h e r  
v a lu e s  in  group 3 ,  w i th  e x c e p t io n  f o r  TD8 which p r e s e n t  a s m a lle r  
th ic k n e s s  o f  t h i s  l a y e r .
The t o t a l  conductance p l o t  has been o b ta in e d  c o n s id e r in g  o n ly  th ose  
soundings showing e v id e n c e  o f  a c l e a r  r e s i s t i v e  basem en t. T h is  p r e s e n t s  
( f i g .  33 c )  an homogeneous b e h a v io r ,  showing s l i g h t l y  in c r e a s in g  v a lu e s  o f  
conductance towards group 4 ,  w i th ,  a s  an e x c e p t io n ,  soundings TD5 and TD12 
which have peak  v a lu e s .  The reason  o f  t h i s  h ig h e r  v a lu e s  i s  r e l a t e d  to  an 
l a r g e r  th ic k n e s s  o f  th e  i n v e s t i g a t e d  sequence above th e  r e s i s t i v e  
su b s tra tu m  r e l a t e d  to  s t r u c t u r a l  d i s p la c e m e n ts .
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F ig .  33 .  Conductance p l o t s .
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4 . 4 . 3  TDEM R e s u l t s
A summary o f  th e  r e s u l t s  o f  th e  TDEM i n t e r p r e t a t i o n  c h a r a c t e r i z i n g  
th e  l a t e r a l  d i s c o n t i n u i t i e s  and th e  e l e c t r o s t r a t i g r a p h y , w i th  i t s  mor­
p h o lo g y  and a n o m a lie s , a lon g  th e  perform ed  p r o f i l e  a re  now p r e s e n t e d .
In f i g u r e  34 th e  in v e r t e d  m odels o f  th e  TDEM s o u n d in g s , r e p r e s e n te d  
in  an i n t e r p r e t a t i v e  s e c t i o n ,  a re  shown to g e th e r  w i th  th e  co rre sp o n d e n t  
Bouguer g r a v i t y  p r o f i l e .
S t r u c t u r a l l y , a s  su g g e s te d  by th e  q u a l i t a t i v e  i n t e r p r e t a t i o n  and S 
c a l c u l a t i o n s , th e  a rea  can be d i v id e d  in  fo u r  z o n e s ,  l i m i t e d  by  th r e e  main 
d i s c o n t i n u i t i e s  (D l, D2 and D 3 ) , and p r e s e n t in g  d i f f e r e n t  e l e c t r o s t r a t i -  
g r a p h ic  s e q u e n c e s .
From th e  e l e c t r i c a l  p o i n t  o f  v ie w ,  th e  i n v e s t i g a t e d  fo rm a tio n s  can 
be s y n th e s i z e d  and d e s c r ib e d ,  from th e  top  to  th e  bo ttom , as  f o l l o w s :
- F i r s t  l a y e r .  I t  p r e s e n t s  a r e l a t i v e  r e s i s t i v e  b e h a v io r  w i th  v a lu e s  
ran g in g  between 5 and 25 Qm, and th ic k n e s s e s  between 60 and 670 m. I t s  
h e t e r o g e n e i t y  i s  m a in ly  a s s o c ia t e d  to  th e  f a c t  th a t  t h i s  l a y e r  i s  r e l a t e d  
t o  a w ide  range o f  v o lc a n ic  p r o d u c t s . I t  i s  a l s o  to  be taken  in t o  account  
t h a t ,  e s p e c i a l l y  sou th  o f  La Fortuna area  where no DC c a l i b r a t i o n  
soundings a re  a v a i l a b l e , th e  r e s u l t s  f o r  t h i s  l a y e r  may r e f l e c t  la c k  o f  
r e s o l u t i o n  a t  s h a l lo w e r  d e p th s .
- Second l a y e r .  I t  i s  a co n d u c to r ,  r e p r e s e n te d  a lon g  a l l  th e  p r o f i l e ,  w i th  
r e s i s t i v i t y  v a lu e s  rang ing  between 1 .1  (TD9) and 5 . 7  Qm (TD6). I t s  
th ic k n e s s  v a r i e s  from abou t 300 m (TD9) to  1 ,500  m (TD2) and, as
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r e s i s t i v i t i e s , v a r i e s  as  a f u n c t io n  o f  th e  area  in  which th e  sounding i s  
l o c a l i z e d .  As r e f l e c t e d  a l s o  by  i t s  conductance , th e  r e s i s t i v i t y  and 
th ic k n e s s  o f  t h i s  l a y e r  a re  l a r g e r  in  th e  second a re a .  The n a tu re  o f  t h i s  
l a y e r  can be a s s o c ia t e d  d e f i n i t e l y  t o  v o lc a n ic  fo rm a tio n s  a t  l e a s t  up to  
D l. In p a r t i c u l a r ,  f o r  th e  t h i r d  a r e a ,  c l o s e r  to  th e  geo therm al f i e l d  
where b o re h o le s  s t r a t i g r a p h i e s  a r e  a v a i l a b l e , t h i s  l a y e r  i s  a s s o c ia t e d  
m a in ly  to  th e  v o lc a n o -s e d im e n ta r y  u n i t  and p o s s i b l y  to  o th e r  fo rm a tio n s  
a f f e c t e d  by  lo w - in te r m e d ia te  g rade  hydro th erm al a l t e r a t i o n .  South o f  D2, 
th e  la c k  o f  deep w e l l s  l i t h o l o g y  in fo rm a tio n s  does n o t  p e r m i t  any 
c o r r e l a t i o n .  I t  i s  p o s s i b l e  th a t  p r e c a ld e r a  v o lc a n ic  p r o d u c ts  a re  p r e s e n t  
in  th e  second area:  h e r e ,  th e  r e l a t i v e  h ig h e r  r e s i s t i v i t y  o f  th e  conduc­
t i v e  l a y e r  i n d i c a t e  e i t h e r  d i f f e r e n t  l i t h o l o g i c a l  c o m p o s i t io n , o r  absence  
o f  hydro th erm al a l t e r a t i o n .  In th e  f i r s t  a r e a ,  low er  r e s i s t i v i t y  v a lu e s  
c o u ld  be a s s o c i a t e d  to  a d i f f e r e n t  domain p r o d u c t .
- T h ird  la y e r .  In th e  sequence i t  r e p r e s e n t  a r e s i s t o r  w i th  v a lu e s  around  
25 Qm in  th e  f i r s t  two a r e a s ,  and between 10 and 20 Qm in  th e  t h i r d  and 
f o u r th  one. For e a s in e s s  o f  d e s c r i p t i o n , t h i s  l a y e r  w i l l  be r e f e r r e d  as  
" r e s i s t i v e  su b s tra tu m " . I t  has been assumed to  correspon d  to  th e  deep  
r e s i s t o r  found in  th e  DC c a l i b r a t i o n  soundings used  in  th e  i n t e r p r e t a t i o n . 
The th ic k n e s s  o f  t h i s  l a y e r  ranges from about 2 ,6 6 0 -2 ,9 6 0  m in  th e  f i r s t  
a r e a ,  to  8 7 0 -1 ,5 0 0  m in  th e  r e s t  o f  th e  p r o f i l e .  A t l e a s t  in  th e  t h i r d  and 
f o u r th  a r e a ,  th e  r e s i s t i v e  su b s tra tu m  i s  a s s o c ia t e d  to  th e  I g n im b r i t i c  
fo rm a tio n  (w elded  t u f f s  r e l a t e d  to  th e  fo rm a tio n  o f  th e  c a l d e r a ) , o r  to  
f o r m a t io n s , l i k e  th e  L a v ic -T u ffa ceo u s  one, i n t e r e s t e d  by h igh  grade
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h ydro th erm al a l t e r a t i o n  ( p r o p i l i t i c  f a c i e s ) .  In th e  second a re a ,  t h i s  
e l e c t r i c  fo rm a tio n  co u ld  be s t i l l  a s s o c ia t e d  to  th e  I g n im b r i t i c  p y r o c la s -  
t i c  f lo w  whose e r u p t io n  co u ld  have a r r i v e d  a l s o  o u t s id e  th e  c a ld e r a .
- Fourth l a y e r .  I t  i s  a c o n d u c to r , and i s  d e f in e d  a s  th e  l a y e r  underneath  
th e  r e s i s t i v e  su b s tra tu m . I t  has been i d e n t i f i e d  o n ly  in  th e  f i r s t  two 
a r e a s ,  w i th  r e s i s t i v i t i e s  ran g in g  between  4 and 9 Qm. The th ic k n e s s  o f  
t h i s  l a y e r  can be c h a r a c te r i z e d  o n ly  in  th e  n o r th ern  sounding o f  th e  f i r s t  
zone (TD5) and in  th e  second area  ranging  between  1440 and 710 m. Dl 
a v o id s  th e  c o n t i n u i t y  o f  t h i s  l a y e r  in  th e  two z o n e s .  The d i f f i c u l t y  o f  
c h a r a c te r i z i n g  th e  th ic k n e s s  o f  t h i s  l a y e r ,  f e a s i b l e  through th e  
i d e n t i f i c a t i o n  o f  th e  underneath l a y e r ,  i s  due to  an e s t im a te d  h ig h e r  
th ic k n e s s  tow ards sou th  and to  th e  s h o r t  d i s ta n c e  Rx-TX (R) which s t r o n g l y  
l i m i t s  th e  i n v e s t i g a t i o n  d ep th .
- F i f t h  l a y e r .  I t  i s  an h ig h ly  r e s i s t i v e  fo rm a tio n  w i th  v a lu e  ran g in g  from  
95 (TD9) to  135 Qm. T h is  l a y e r  i s  d e f in e d  as  th e  " r e s i s t i v e  basem ent" . I t  
has been i d e n t i f i e d , s t a r t i n g  from TD5, in  th e  n o r th ern  p a r t  o f  the  
p r o f i l e  w i th  a p r o g r e s s i v e  d e c r e a s in g  d e p th .  The th ic k n e s s  o f  t h i s  
fo rm a tio n  has n o t  been de term in ed  due to  th e  dep th  o f  t h i s  l a y e r  ( c lo s e  to  
th e  l i m i t  o f  i n v e s t i g a t i o n ) , i t s  p r o b a b le  g r e a t  th ic k n e s s  ( e s p e c i a l l y  in  
th e  second and t h i r d  a r e a ) , and to  th e  f a c t  th a t  th e  c h a r a c te r i z a t io n  o f  
d e e p e r  l a y e r s  i s  p o s s i b l e  j u s t  in  c a se  o f  la r g e  r e s i s t i v i t y  c o n t r a s t . 
E x cep t io n  i s  found in  sounding TD9 which i d e n t i f i e s  a t  th e  bo ttom  o f  t h i s  
basement a deep  s t r o n g  c o n d u c to r . The th ic k n e s s  o f  th e  r e s i s t i v e  basement 
in  t h i s  c a s e  i s  abou t  4400 m. The n a tu re  o f  t h i s  l a y e r  i s  d i f f i c u l t  to
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i d e n t i f y  due to  th e  la c k  o f  deep b o re h o le s  which reach  t h i s  f o r m a t io n , and 
th e  absen ce  o f  e l e c t r i c  w e l l - l o g  in  th e  area  which co u ld  h e lp  in  th e  a s ­
s o c i a t i o n  o f  t h i s  l a y e r  to  l i t h o l o g i e  fo rm a tio n .  As an h y p o th e s i s ,  t h i s  
e l e c t r i c  fo rm a tio n  co u ld  be a s s o c ia t e d  to  th e  f i r s t  s ta g e  p r o d u c ts  o f  the  
v o lc a n ic  a c t i v i t y  o f  th e  G uanacaste range; i .  e .  b a s a l t s  a n d /o r  pyroxene  
a n d é s i t e s .
- S ix th  l a y e r .  I t  i s  a s t r o n g  con du c tor  (2 .9  Qm), and i s  found o n ly  a t  the  
base  o f  th e  sequence o f  th e  TD9 sounding. The e s t im a te d  dep th  o f  t h i s  
l a y e r  i s  abou t 5 ,6 0 0  m from th e  s u r fa c e .  The anomalous p re se n c e  o f  t h i s  
l a y e r ,  e s p e c i a l l y  in  r e s p e c t  o f  th e  n earby  soundings o f  th e  t h i r d  a r e a ,  i s  
n o t  e x p la in e d  J u s t  w i th  th e  f a c t  th a t  the  d i s ta n c e  R, and th e r e f o r e  the  
i n v e s t i g a t i o n  d e p th ,  o f  t h i s  sounding i s  th e  l a r g e s t .  T h is  because the  
measurements in  th e  t h i r d  a rea  a r e  done a t  a d i s ta n c e  R la r g e  enough to  
c h a r a c te r i z e  a s i m i l a r  anomalous f e a tu r e  a t  com parable d e p th s .  This  
fo rm a tio n  i s  thought as  a l o c a l  e v e n t  r e l a t e d ,  p r o b a b ly  to  r e c e n t  v o lc a n ic  
in t r u s io n  a c t i v i t y .
From th e  s t r u c t u r a l  p o i n t  o f  v iew ,  th e  f i r s t  zone p r e s e n t s  some 
h e te ro g en eo u s  b e h a v io r  tow ards TD3, TDà and TD5 i n d i c a t i n g , p o s s i b l y , the  
e f f e c t  o f  a f a u l t  s y s tem  which i s  r e f l e c t e d  in  d isp la c e m e n ts  o f  l a y e r s  and 
th e  i d e n t i f i c a t i o n ,  a t  th e  n o r th  l i m i t  o f  th e  a rea  (TD5), o f  a r e s i s t i v e  
basem ent. The second zone (TD6 and TD7), l i m i t e d  by Dl and D2, show th e  
same e l e c t r o s t  r a t  ig r a p h ic  sequence o f  TD5 b u t d i s p la c e d  tow ards the  
s u r f a c e .  Dl co u ld  r e p r e s e n t  a m ajor f a u l t ,  a p a ssage  between two d i f f e r e n t  
l i t h o l o g i e  domains, o r  b o th .  In th e  th i r d  a rea ,  l i m i t e d  by D2 and D3,
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th e r e  i s  a p a ssa g e  to  a c o m p le te ly  d i f f e r e n t  s t r u c t u r a l  and e l e c t r o s t r -  
a t i g r a p h i c  environm ent. In th e  e l e c t r i c  l a y e r s  s e q u en ce , th e  con du ctor  
above th e  r e s i s t i v e  basement i s  m is s in g ,  and th e  morphology i s  d i s s e c t e d  
by two s u b - d i s c o n t i n u i t i e s  ( f l  and f 2 )  i d e n t i f y i n g  an area  (TD12), 
s l i g h t l y  sou th  o f  La Fortuna, low ered  in  r e s p e c t  to  th e  s i d e  sequ en ces  
(TD8 and T D ll ) .  The fo u r th  area  shows th e  same la y e r  sequence o f  th e  th i r d  
one b u t d i s p la c e d  towards th e  s u r fa c e .
The g r a v im e t r ic  p r o f i l e  e x t r a c t e d  a lon g  th e  TDEM one, q u a l i t a t i v e l y  
con firm  th e  s t r u c t u r a l  i n d ic a t io n s  d e s c r ib e d  above , e v i d e n t i a t i n g  th e  main 
d i s c o n t i n u i t i e s  and in d i c a t i n g  a p r o g r e s s i v e  in c r e a s e  toward th e  n o r th  
p a r t  o f  th e  p r o f i l e  o f  th e  Bouguer anomaly v a lu e s .
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5 .  CONCLUSIONS
The M ir a v a l l e s  TDEM t e s t  has n o t  d e f i n i t e l y  had th e  e x t e n t ,  in  
number o f  s t a t i o n s  and a r e a l  c o v e r a g e , to  p e r m i t  a d e t a i l e d  d e s c r i p t i o n  o f  
th e  g e o e l e c t r i c a l  c h a r a c t e r i s t i c s  o f  th e  a rea ;  bu t i t  has p e r m i t t e d  the  
i d e n t i f i c a t i o n , su p p o r te d  by  o th e r  g e o p h y s ic a l  methods i n t e r p r e t a t i o n s , o f  
some new im p o r ta n t  g e o l o g ic a l  f e a t u r e s .
The main r e s u l t  i s  th e  i d e n t i f i c a t i o n , a lon g  th e  su rv e y e d  p r o f i l e  o f  
th r e e  d i f f e r e n t  g e o l o g ic a l  domains.
In th e  sou th ern  p a r t  o f  th e  p r o f i l e  i t  i s  i d e n t i f i e d  an a rea  where,  
underneath  th e  s u r fa c e  v o lc a n ic  c o v e r ,  i t  i s  b e l i e v e d  to  e x i s t  th e  
s e d im e n ta ry  sequence th a t  i s  found o u tc ro p p in g  few  km to  th e  so u th .
The d i s c o n t i n u i t y  D l , a s s o c ia t e d  to  a m ajor r e g io n a l  f a u l t  w i th  a 
p o s s i b l e  NW-SE tr e n d ,  i n d i c a t e s  th e  p a ssa g e  to  th e  second area  where th e  
same e l e c t r o s t r a t i g r a p h i c  ty p e  sequence d e t e c t e d  in  th e  f i r s t  one i s  found  
w ith  d i f f e r e n t  r e s i s t i v i t y  v a lu e s  and redu ced  g lo b a l  t h i c k n e s s . Here th e  
basement i s  found s h a l lo w e r  than in  th e  f i r s t  a re a .  T h is  d i f f e r e n t  
g e o l o g i c a l  domain i s  a s s o c i a t e d , a t  l e a s t  in  i t s  upper  p a r t ,  to  th e  
a n d e s i t i c  v o lc a n ic  p i l e .
The t h i r d  domain i s  i d e n t i f i e d  by  th e  t h i r d  and fo u r th  zone and i t  
i s  a s s o c i a t e d  to  in t r a c a ld e r a  v o l c a n ic  p r o d u c ts .  The d i s c o n t i n u i t y  D2, 
r e p r e s e n t s  th e  sou th ern  b o rd er  o f  t h i s  domain and i n d i c a t e s  th e  p a ssa g e  in  
th e  c a ld e r a  w i th  an u p l i f t i n g  o f  th e  basement and th e  d isa p p ea ra n ce  o f  th e
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co n d u c to r  above i t .  Im por tan t a s p e c t  in  th e  s t r u c t u r a l  f e a t u r e s  o f  t h i s  
domain, i s  th e  r e lo c a t i o n  o f  th e  sou th ern  b o rd er  o f  th e  Guayabo c a ld e r a .  
T h is ,  n o t  p a r t i c u l a r l y  c l e a r  from o u tc ro p p in g  g e o lo g ic  f e a t u r e s , was 
p r e v i o u s l y  l o c a t e d  s l i g h t l y  (500-1000 m) sou th  o f  La Fortuna. TDEM r e s u l t s  
p o s i t i o n  i t  between San Bernardo and TD8, ro u g h ly  two k i lo m e te r s  sou th  o f  
th e  f i r s t  l o c a t i o n .  T h is  has been p o in te d  o u t  a l s o  by  th e  g r a v i t y  
i n t e r p r e t a t i o n  which has p e r m i t t e d  to  a s s o c i a t e  th e  so u th ern  l i m i t  o f  the  
c a ld e r a  w i th  an in tr u d e d  body a lon g  th e  r in g  f r a c t u r e . The same in d ic a t io n  
i s  d e r iv e d  from th e  m agnetic  a n a l y t i c  s ig n a l  a n a l y s i s . The p r e v i o u s l y  
l o c a te d  b o rd e r  c o in c id e s  w i th  th e  TDEM d i s c o n t i n u i t y  Fl and d e f in e s  the  
sou th  l i m i t  o f  a s t r u c t u r a l  low . T h is  d e p r e s s io n ,  su g g e s te d  a l s o  by DC 
d a ta ,  has been c h a r a c te r i z e d  b y  th e  g r a v i t y  i n t e r p r e t a t i o n  which l i m i t s  
i t ,  toward th e  n o r th  and s o u th ,  w i th  two s u b v e r t i c a l  i n t r u s i o n s , one 
r e l a t e d  to  th e  c a ld e r a  b o rd e r ,  and one in  correspondence  o f  La Fortuna.  
The e a s t  and w e s t  l i m i t s  o f  t h i s  low a re  con n ec ted  w i th  im p o r ta n t N-S 
f r a c t u r e s  c h a r a c te r i z e d  w i th  s u r fa c e  g e o lo g y .
The d i s c o n t i n u i t y  D3, a s s o c ia b l e  m ost l i k e l y  to  a s e t  o f  f r a c t u r e s  
d i s s e c t i n g  th e  C u ip i la p a -S a n ta  Rosa a re a ,  marks th e  p a ssa g e  to  a zone  
c h a r a c te r i z e d  by  a l e s s  th i c k  in t r a c a ld e r a  sequence and th e  p r e s e n c e  o f  a 
deep c o n d u c to r . The g r a v i t y ,  in  t h i s  area  c h a r a c t e r i z e s  a deep d en ser  body  
a s s o c i a t e d  w i th  in tr u d e d  v o l c a n ic  m a t e r i a l . T h is  a r e a ,  where th e  most  
r e c e n t  v o lc a n ic  a c t i v i t y  has o c c u rre d ,  i s  thought be th e  "new" l o c a l i z a ­
t i o n  o f  th e  M ir a v a l le s  vo lcan o  magma chamber, m ig ra ted  sou th  o f  th e  peak  
o f  th e  vo lca n o .
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R egard ing  th e  n a tu re  o f  th e  deep co n d u c to r ,  two a re  th e  h y p o t h e s i s . 
One i s  th a t  th e  con du ctor  i s  a s s o c ia b le  to  an in tr u d e d  magma body, th e  
o th e r  i s  th a t  th e  low r e s i s t i v i t y  v a lu e s  a re  r e l a t e d  to  h ydro therm al  
a l t e r a t i o n  p r o c e s s e s .  The second h y p o th e s i s  i s  thought to  be th e  most 
p r o b a b le , because  an a n d e s i t i c  in tr u d e d  magma body, p r e s e n t in g  reduced  
m e l t  f r a c t i o n  and h igh  c r y s t a l l i z a t i o n  p e r c e n ta g e ,  i s  n o t  assumed to  
p r e s e n t  v e r y  low r e s i s t i v i t i e s . T h is  e s p e c i a l l y  i f  a thermometamorphic 
s h e l l  i s  su rro n d in g  th e  in t r u s io n .
Assuming then a r e l a t i v e  r e s i s t i v e  b eh a v io r  (a te n th  to  few  te n th  o f  
Ctm) o f  t h i s  in tr u d e d  body and i t s  thermometamorphic s h e l l  in  r e s p e c t  to  
th e  a l t e r a t i o n  h a lo  around i t ,  th e  p o s s i b i l i t y  to  r e s o l v e  t h i s  f e a tu r e  i s  
r e l a t e d  to  i t s  shape. P r o b a b ly , th e  f a c t  th a t  a r e s i s t o r  underneth  the  
deep co n d u c to r  in  th e  Santa Rosa a rea  i s  n o t  found, co u ld  be e x p la in e d  in  
two ways. One c o u ld  be in  r e l a t i o n  to  th e  s i d e  p o s i t i o n  o f  th e  sounding  
TD9 in  r e s p e c t  to  t h i s  in t r u s io n .  The secon d , assuming an in t r u s io n  
r e p r e s e n te d  by  a d ik e  o r  a s e t  o f  d i k e s ,  i s  th e  i m p o s s i b i l i t y  to  r e s o l v e  
th in  s u b v e r t i c a l  r e s i s t i v e  s h e e t s  embedded in  an a l t e r a t i o n  c o n d u c tiv e  
h a lo .
The M ir a v a l l e s  TDEM i n v e s t i g a t i o n  t e s t  has showed th e  im portan t  
c a p a b i l i t i e s  o f  t h i s  method in  r e s o l v i n g  w i th  p r e c i s i o n  s t r u c t u r e s ,  
fo rm a tio n s  and anom alies  a t  d e p th s  o f  s e v e r a l  km. The in fo rm a tio n s  
o b ta in e d  r e p r e s e n t  an im p o r ta n t s u p p o r t ,  w i th  o th e r  g e o p h y s ic a l  and geo-
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v o lc a n o lo g ic a l  s t u d i e s ,  in  th e  c h a r a c te r i z a t i o n  o f  deep f e a t u r e s .
Even i f ,  no d e f i n i t e  answer, due to  th e  l i m i t e d  amount o f  da ta  
c o l l e c t e d , i s  g iv e n  on th e  p o s s i b i l i t y  o f  i d e n t i f y i n g  deep magma b o d ie s  
w ith  t h i s  r e s i s t i v i t y  te c h n iq u e ,  th e  r e s u l t s  o b ta in e d  from th e  sounding  
done in  th e  Santa Rosa a rea  t e s t i f y  a t  l e a s t  th e  p o s s i b i l i t y  to  d e t e c t  
e f f e c t s ,  l i k e  a l t e r a t i o n ,  d i r e c t l y  r e l a t e d  to  magma in t r u s io n s .
In t h i s  v ie w ,  an e x t e n t io n  o f  th e  TDEM t e s t  in  M i r a v a l l e s , through  
th e  perform ance o f  a l a r g e r  number o f  so u n d in g s , i s  s u g g e s te d  in  o r d e r  to  
c h a r a c t e r i z e  more p r e c i s e l y  th e  f e a tu r e s  i d e n t i f i e d  in  t h i s  d e s c r ib e d  
s u r v e y .
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